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INTRODUCTION
I .  T r a d i t i o n a l  and C ontem porary V iew s o f  Homeothermy and T h e r tn o r e g u la t io r  
A. Homeothermy and Body T em p e ra tu r e ♦
1. B ir d s  a s  Hom eotherm s.
B ir d s  a s  a ta x o n o m ic  group a r e  hom eotherm ic  and keep  n e a r ly  c o n ­
s t a n t  body te m p e r a tu r e s  o v e r  a w id e  ra n g e  o f  am b ien t t e m p e r a t u r e s .  At 
h ig h  am b ien t te m p e r a tu r e s  th e y  ca n  t o l e r a t e  a s m a l l  r i s e  i n  body te m p er ­
a t u r e  bu t th e y  must a l l  work t o  p r e v e n t  t h e i r  body te m p e r a tu r e  from  
r i s i n g  t o  a l e t h a l  l e v e l .  At low  am b ien t t e m p e r a t u r e s ,  h o w ev er , n o t  
a l l  b i r d s  work t o  p r e v e n t  t h e i r  body te m p e r a tu r e s  from f a l l i n g  t o  w i t h i n  a 
d e g r e e  o r  two o f  t h e  am b ien t t e m p e r a tu r e .  P e a r s o n  (1 9 6 0 )  c l a s s i f i e d  
hom eotherms and t h e i r  r e s p o n s e s  t o  low te m p e r a tu r e s  i n t o ;  (1 )  t h e  O b l ig a t e  
Homeotherms w h ich  r e s i s t  lo w e r in g  t h e i r  body te m p e r a tu r e  a s  lo n g  a s  th e y  
p o s s e s s  e n e r g y  r e s e r v e s ,  f o r  t o  drop  t h e i r  body te m p e r a tu r e  r e s u l t s  i n  
d e a t h ,  ( 2 )  t h e  S tu b b orn  Homeotherms w h ich  r e s i s t  lo w e r in g  t h e i r  body  
t e m p e r a tu r e  when t h e i r  e n e r g y  r e s e r v e s  a r e  h i g h ,  b u t succumb i n  th e  f a c e  
o f  e n v ir o n m e n t a l  s t r e s s  when t h e i r  r e s e r v e s  a r e  d e p l e t e d  and drop  t h e i r  
body te m p e r a tu r e  t o  n ea r  t h e  am b ien t t e m p e r a tu r e ,  th e n  r a i s e  i t  back t o  
norm al when e n v ir o n m e n t a l  c o n d i t i o n s  o n c e  a g a in  become f a v o r a b l e ,  and
(3 )  th e  I n d i f f e r e n t  Homeotherms w hose  body t e m p e r a tu r e s  drop t o  w i t h i n  
a d e g r e e  o r  two o f  t h e  am b ien t te m p e r a tu r e  when t h e y  s l e e p ,  b u t r a i s e  
s p o n t a n e o u s ly  t o  norm al when t h e y  aw aken.
B ir d s  f o r  t h e  m ost p a r t  a r e  o b l i g a t e  hom eotherms (R e a so n .  1 9 6 0 ) .  
Homeothermy f o r  them , h o w ev er , i s  e x p e n s i v e ,  s i n c e  gram for  gram, amor,g 
hom eotherm s, b i r d s  r e q u i r e  more f u e l  th a n  mammals, f o r  th e y  have  t h e  
h i g h e s t  t o t a l  h e a t  p r o d u c t io n  o f  any a n im a l s p e c i e s  ( B e n e d i c t ,  1938;
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B rod y, 1945; K ing and F a r n e r ,  1961; L a s le w s k l  and Dawson, 1 9 6 7 ) .  In  
r e c e n t  y e a r s ,  s p e c i e s  from t h e  A p o d id a e ,  C a p r lm u lg id a e , T r o c h i l l d a e ,  and 
H ir u n d in i d a e , have  d e m o n str a te d  t h e  a b i l i t y  t o  become t o r p i d  (EartholrmeA'  
e ^  a_l. 1957; F ren ch  and H od ges , 1959; H o w e l l ,  1961; H u xley  et_ al_. 1 9 3 5 ” 
J a e g e r ,  1948; L a s le w s k l  and Thompson, 1966; M a r s h a l l ,  1955; S h e l l a b a r g e r  
^  a_l« 1961; S t e b b l n s ,  1957; T h orb u rg , 1 9 5 3 ) .  T h ese  s p e c i e s ,  l i k e  th e  
mammalian h i b e r n a t o r s ,  f a l l  I n t o  g ro u p s  two and t h r e e  o f  P e a r s o n ' s  (1 5 6 0 )  
c l a s s i f i c a t i o n .  McAtee (1 9 4 7 )  ga v e  a r e v ie w  o f  th e  o l d e r  r e c o r d s  o f  a v ia n  
t o r p i d i t y .
2 .  The b o d y - te m p e r a tu r e  b o d y -w e ig h t  r e l a t i o n s h i p  o f  b i r d s .
The d eep  b o d y - te m p e r a tu r e s  o f  b i r d s ,  l i k e  t h o s e  o f  mammals a r e  
d ep e n d en t  on  t h e  m e t a b o l i c  r a t e  and e f f e c t i v e n e s s  o f  t h e  body i n s u l a t i o n .  
The r e s t i n g  b o d y - te m p e r a tu r e  o f  b i r d s ,  u n l i k e  t h a t  o f  mammals, h ow ever ,  
i s  r e l a t e d  t o  b o d y - w e ig h t ,  and a c u r v i l i n e a r  r i s e  i n  r e s t i n g  b o d y -te m p e r -  
a t u r e  i s  e v i d e n t  w i t h  d e c r e a s i n g  b o d y -w e ig h t  f o r  b i r d s  w e ig h in g  down to  
20  g (McNab, 1 9 6 6 ) .  For b i r d s  w e ig h in g  l e s s  th a n  20  g ,  t h e  c u r v i l i n e a r  
f u n c t i o n  f a i l s ,  and t h e  b o d y - te m p e r a tu r e  b e g in s  t o  d e c r e a s e  w i t h  a d e c r e a s e  
i n  b o d y - w e ig h t .  F ig u r e  1 d e m o n s t r a t e s  t h e  b o d y -w e ig h t  b o d y - te m p e r a tu r e  
r e l a t i o n s h i p  o f  b i r d s  and mammals. McNab (1 9 6 6 )  com bined t h e  Kir>.g-Fa:rx.er 
(1 9 6 1 )  e q u a t io n  f o r  p r e d i c t i n g  t h e  m e t a b o l i c  r a t e  o f  b i r d s ,  w i t h  t h e  
M o rr iso n  and R y se r  (1 9 5 1 )  e q u a t i o n  f o r  p r e d i c t i n g  t h e  c o n d u c ta n c e  v a l u e  
o f  an  a n i m a l ' s  i n s u l a t i o n  and d e r i v e d  a fo rm u la  w h ich  prod u ced  & liriC  
r e p r e s e n t i n g  t h e  tr e n d  o f  b o d y - te m p e r a tu r e  t o  b o d y -w e ig h t  i n  b i r d s  (F ig r - fe  
1 ) .  T h is  l i n e ,  th o u g h  d e r iv e d  from r e l a t i o n s h i p s  o f  m e t a b o l i c  r a t e  and 
c o n d u c t a n c e ,  f o l l o w s  t h e  tr e n d  o f  p o i n t s  p l o t t e d  from e m p i r i c a l l y  
b o d y - te m p e r a tu r e s  o f  b i r d s  r a n g in g  i n  w e ig h t  from 30 t o  I 0 0 ,0 0 0 g .  The 
v a r i a b l e  r e s t i n g  m e t a b o l i c  r a t e  and t h e  h e a t  c o n d u c ta n c e  o f  t h e  i n s u l a t i .  '.
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p e r m it  s e v e r a l  c o n c l u s i o n s  t o  be  made a b o u t  n o t  o n ly  t h e  d i f f e r e n c e s  in  
body t e m p e r a tu r e s  b e tw e en  b i r d s  o f  d i f f e r e n t  w e i g h t s ,  bu t a l s o  th e  d i f f ­
e r e n c e s  i n  body t e m p e r a tu r e s  b e tw e en  b ir d s  and mammals o f  com p arab le  s i% e.
B ir d s  have a h ig h e r  t o t a l  h e a t  p r o d u c t io n  th a n  mammals o f  com p arab le  
s i z e  ( B e n e d i c t ,  1938; Brody and P r o c t o r ,  1932; K ing and F a r n e r ,  1961;  
L a s le w s k l  and Dawson, 1 9 6 7 ) ,  and t h i s  c o u p le d  w i t h  an e f f e c t i v e  i n s u l a t i o n  
g i v e s  b i r d s  a h ig h e r  body t e m p e r a tu r e .  McNab (1 9 6 6 )  s t a t e d  t h a t  L a s le w s k l  
e t  a l . (1 9 6 4 )  p r e s e n t e d  d a ta  w h ic h  d e m o n str a te d  t h a t  b i r d s  o f  20 t o  200 g 
had h e a t  c o n d u c ta n c e  v a l u e s  f o r  t h e i r  i n s u l a t i o n  o f  70% l e s s  th a n  mammals 
o f  t h e  same w e i g h t .  I r v i n g  (1 9 6 0 )  p o in t e d  o u t  t h a t  t h e  p ta r m ig a n ,  w hich  
i s  th o u g h t  t o  be t h e  s m a l l e s t  b ir d  s u i t e d  t o  a r c t i c  c o ld  by I t s  i n s u l a t i o n  
i s  1 /1 0  th e  s i z e  o f  th e  a r c t i c  f o x ,  w h ich  i s  t h e  s m a l l e s t  mammal s u i t e d  
t o  a r c t i c  c o ld  by i n s u l a t i o n .  T h ese  r e l a t i o n s h i p s  i n d i c a t e  t h a t  b i r d s  o f  
20  t o  200 g have  a low er  r a t e  o f  h e a t  l o s s  th a n  mammals o f  com parab le  
s i z e  and t h i s  a lo n g  w i t h  t h e i r  h ig h e r  m e t a b o l i c  r a t e  g i v e s  them a h ig h e r  
body te m p e r a tu r e .  B ir d s  and mammals w e ig h in g  2 Kg and more have s i m i l a r  
r a t e s  o f  h e a t  l o s s ,  b u t  t h e  h ig h e r  m e t a b o l i c  r a t e s  o f  th e  b i r d s  a c c o u n t  
f o r  t h e i r  h i g h e r  body te m p e r a tu r e  (McNab, 1 9 6 6 ) .
The i n s u l a t i o n  o f  b i r d s  w e ig h in g  l e s s  th a n  20  g i s  s i m i l a r  in  v a lu e  
t o  t h e  i n s u l a t i o n  o f  mammals o f  com p arab le  s i z e  (McNab, 1 9 6 6 ) .  The amount 
o f  s u r f a c e  a r e a  i n  co m p a r iso n  t o  body w e ig h t  p r e s e n t  in  t h e  v e r y  s m a l l  
a n im a ls  o f  b o t h  h om eotherm ic  c l a s s e s ,  l i m i t s  t h e  amount o f  i n s u l a t i o n  th e  
a n im a l can  p o s s e s s  and s t i l l  be a b l e  t o  move ( I r v i n g ,  1960; S c h o la n d e r  
Ê t s i . - ,  1 9 5 0 a ) .  T h e se  s m a l l  b i r d s  p o s s e s s ,  h o w ev er , a h ig h e r  m e t a b o l i c
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F ig u re  1--Tbe r e l a t i o n  o f  body tem p eratu re  to  w e ig h t  in  b ir d s  and mammals.
Line A, B r e p r e s e n t s  McNab®s (1966) curve  f o r  n r e d i c t i n g  th e  
r e l a t i o n s h i p  o f  body tem perature  to  w e ig h t  in  b i r d s .  P o r t io n  
A r e p r e s e n t s  th a t  p o r t io n  f i t t i n g  th e  e m p ir ic a l  d a t a .  P o r t i o n  
B r e p r e s e n ts  th a t  p o r t io n  not f i t t i n g  th e  e m p ir ic a l  d a ta  L ine  
C r e p r e s e n t s  th e  e m p ir ic a l  data  w hich  f a i l s  to  f o l l o w  th e  p r e ­
d ic t e d  v a lu e s .  The h o r iz o n t a l  l i n e  D r e p r e s e n t s  th e  mammalian 
s tan d ard .
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r a t e  th a n  com p arab le  s i z e d  mammals w h ich  g i v e s  them h ig h e r  body tem p er ­
a t u r e s  (McNab 1 9 6 6 ) .
Though t h e  m e t a b o l i c  r a t e s  o f  b i r d s  b e lo w  20  g a r e  h ig h e r  th a n
t h o s e  of.m am m als o f  com parab le  s i z e ,  th e y  a r e  low er  th a n  t h e  r a t e s  p r e ­
d i c t e d  from t h e  K in g -F a r n e r  (1 9 6 1 )  e q u a t io n  u sed  by McNab (1 9 6 6 )  i n  
d e r i v i n g  t h e  e q u a t io n  o f  th e  s l o p e  o f  t h e  l i n e  r e p r e s e n t i n g  th e  body  
t e m p e r a tu r e  o f  b i r d s .  The lo w er  th a n  e x p e c t e d  m e ta b o l ism , and t h e  h ig h e r  
r a t e  o f  h e a t  l o s s  due t o  p o o r e r  i n s u l a t i o n ,  a c t  t o g e t h e r  t o  lo w er  th e  
body te m p e r a tu r e  o f  t h e s e  s m a l l  b i r d s  from t h e  e x p e c t e d  v a l u e s ,  g i v i n g  
a  d i r e c t  r a t h e r  th a n  i n v e r s e  r e l a t i o n s h i p  b e tw een  body—w e ig h t  and body-  
t e m p e r a tu r e  .
3 .  C y c l i c  v a r i a t i o n s  i n  t h e  body te m p e r a tu r e s  o f  b i r d s  and mammaIs.
Wetmore (1 9 2 1 )  s t u d i e d  t h e  body te m p e r a tu r e s  o f  327 s p e c i e s  o f  
b i r d s  from 50 f a m i l i e s  i n  t h e  c e n t r a l  U n ited  S t a t e s ,  and d e s c r ib e d  a 
d a i l y  f l u c t u a t i o n  i n  t h e i r  t e m p e r a tu r e s ,  th e  h i g h e s t  b e in g  r e c o r d e d  d u r ­
in g  m idday a c t i v i t y ,  and lo w e s t  d u r in g  s l e e p .  S e v e r a l  a u t h o r s ,  (B a ld w in  
and K e n d e ig h ,  1932; B artholom ew  and Cade, 1957; B artholom ew  and Dawson, 
1958; Dawson, 1954; Dawson, 1958; H o w ell  and B artholom ew , 19 6 1 a , 1961b„
1962; I r v i n g ,  1955 , 1960; I r v i n g  and Krog, 1954, 1956; K en d e ig h , 1934;
L a s l e w s k l ,  1964; M o r r is o n ,  1962; V e g h te ,  1964) have  s i n c e  d e m o n str a te d  a 
d i u r n a l  c y c l e  i n  a r c t i c - t o - t r o p i c a l  b i r d s .  F l u c t u a t i o n s  in  body te m p er a ­
t u r e  i n  r e s p o n s e  t o  h ig h  and low am b ien t te m p e r a tu r e  have  b e e n  e x p e r im e n t ­
a l l y  p ro d u ced  i n  s e v e r a l  s p e c i e s  by s e v e r a l  a u t h o r s ,  and th o u g h  t h e  c y c l e  
i s  r e l a t e d  t o  t h e  a m b ien t  te m p e r a tu r e  i t  d o e s  n o t  v a r y  more th a n  a few  
d e g r e e s ,  u n l e s s  i t  i s  on e  o f  t h o s e  s p e c i e s  c a p a b le  o f  t o r p o r  (B artholom ew  
eit , 1962; B r e n n e r ,  1965; B ru sh , 1965; C a ld e r ,  1964; C a ld e r  and Schm idt-
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N i e l s e n ,  1966; F a r n e r ,  1956; H a r t ,  1962b; H o w e ll  and B artholom ew , 1959;
K in g , 1964; L a s le w s k l  and I^ w son , 1964; M isc h ,  1960;  V e g h te  and H e r r e id ,  
1965; W est and H a r t ,  1 9 6 6 ) .  C y l i c  v a r i a t i o n s  i n  th e  body te m p e r a tu r e s  o f  
s m a l l  mammals i n  r e l a t i o n  t o  am b ien t te m p e r a tu r e s  w ere  found on  an e x p e r i ­
m e n t a l ,  s e a s o n a l ,  and d a i l y  b a s i s  by s e v e r a l  a u t h o r s  (B artholom ew  and Mac* 
M i l l e n ,  1961; Bartholom ew  e t  a j^ ., 1964; Hock, 1951; Hudson, 1 9 6 4 ,  1965;  
Hudson and Rummel, 1966; I r v i n g  and K rog, 1954; Krog e ^  al_. , 1955; l e i t n e r ,  
1966; M a cM ille n ,  1 9 6 5 ) .  I r v i n g  (1 9 5 5 )  s t a t e d  t h e  d a i l y  f l u c t u a t i o n  i n  t h e  
body te m p e r a tu r e  o f  b i r d s  may be  a s  much a s  6 °  C, and he r e c o g n i z e s  t h r e e  
l e v e l s  w i t h i n  th e  ra n g e  o f  f l u c t u a t i o n ;  ( 1 )  t h e  s l e e p i n g  l e v e l ,  ( 2 )  th e  
awake b u t  r e s t i n g  l e v e l ,  and (3 )  t h e  awake and a c t i v e  l e v e l .  Wetmore (1 9 2 1  » 
r e c o g n iz e d  t h a t  t a x o n o m ic a l ly  r e l a t e d  s p e c i e s  o f  b i r d s  o f t e n  had s i m i l a r  
o r  th e  same a v e r a g e  body t e m p e r a t u r e s .  I r v i n g  and Krog (1 9 5 4 )  f e e l  t h a t  
t h e  body te m p e r a tu r e  i s  a c h a r a c t e r i s t i c  o f  e a c h  b ir d  s p e c i e s ,  and have  
found l i t t l e  d i f f e r e n c e  i f  any i n  t h e  a v e r a g e  r e s t i n g  body te m p e r a tu r e  o f  
s p e c i e s  from d i f f e r e n t  l a t i t u d e s ,  m aking t h e  a v e r a g e  body te m p e r a tu r e  a 
c o n s t a n t  and n o t  a  v a r i a b l e  o r  an  a d a p t a t i o n  t o  c l i m a t e .  Wetmore (1 9 2 1 )  
c o n s id e r e d  a s e a s o n a l  v a r i a t i o n  i n  a v e r a g e  body te m p e r a tu r e  u n l i k e l y  and 
w r o te  "I am, i n  t h e  l i g h t  o f  th e  r e c o r d s  a v a i l a b l e  a t  p r e s e n t ,  u n a b le  t o  
r e c o g n i z e  any c o n s t a n t  d i f f e r e n c e  b e tw e en  body te m p e r a tu r e s  made i n  th e  
same s p e c i e s  a t  s e a s o n s  o f  marked h e a t  o r  c o l d " .
B, T h e r m o r e g u la t io n .
1 . The l o g i s t i c s  o f  t h e r m o r e g u l a t i o n .
I r v i n g  (1 9 6 0 )  s t a t e d ,  "Body t e m p e r a tu r e s  o f  hom eotherm ic  s p e c i e s  
a r e  p h y l o g e n e t i c a l l y  d i f f e r e n t i a t e d ,  b u t  t h e  d i f f e r e n t i a t i o n  shows no
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common r e g a r d  f o r  g e o g r a p h i c a l  r a n g e ,  and t h e i r  te m p e r a tu r e s  a r e  more 
s t a b l e  th a n  t h e  c l i m a t e s  o f  t h e  e a r t h ,  w h ich  have  changed a p p r e c i a b l y ,  
w h i l e  t h e  te m p e r a tu r e s  o f  t h e  b i r d s  t h a t  i n h a b i t  them have a p p a r e n t ly  
rem ain ed  f i x e d " .  One o f  t h e  m ost a p p a r e n t  p ro b lem s f a c i n g  b i r d s  o f  
e v e r y  c l i m a t e  i s  t h a t  o f  m a in t a in i n g  t h e i r  d eep  body te m p e r a tu r e  o v e r  
t h a t  r a n g e  o f  am b ien t te m p e r a tu r e s  a f f o r d e d  them by t h e i r  e n v ir o n m e n t .
The s e a r c h  f o r  t h o s e  " a d a p t a t io n s "  o r  modes o f  " a c c l i m a t i z a t i o n "  t h a t  
have a l lo w e d  them t o  do t h i s ,  a s  t h e y  sp rea d  t o ,  and in h a b i t e d  e v e r y  
c l i m a t e  on e a r t h ,  has  becom e, f o r  t h e  p h y s i o l o g i s t ,  th e  s tu d y  o f  "Avian  
T herm oregu la  t  i o n " .
a . The ad ju stm en t o f  h e a t  g a in  and h e a t  l o s s .
Over any r a n g e  o f  am b ien t t e m p e r a tu r e s  th e  c o n t r o l  o f  th e  body  
te m p e r a tu r e  d ep en d s  upon t h e  r a t e  o f  h e a t  g a in  and t h e  r a t e  o f  h e a t  l o s s  
from t h e  b od y . I f  t h e  h e a t  c a p a c i t y  and te m p e r a tu r e  o f  a body a r e  c o n s t a n t ,  
th e  r a t e  o f  h e a t  l o s s  w i l l  e q u a l  t h e  r a t e  o f  h e a t  g a in  ( K l e i b e r ,  1 9 6 1 ) .
The h e a t  c a p a c i t y  o f  a hom ogeneous body i s  e q u a l  t o  t h e  p r o d u c t  o f  i t s  
s p e c i f i c  h e a t  t im e s  i t s  m a ss ,  w h ich  means i t s  h e a t  c a p a c i t y  i s  e q u a l  t o  
t h e  q u a n t i t y  o f  h e a t  i n  c a l o r i e s ,  t h a t  body g a in s  or  l o s e s  when i t s  
te m p e r a tu r e  i s  changed 1° C (S em a t,  1 9 6 2 ) .  The h e a t  c a p a c i t y  o f  a 
h e t e r o g e n e o u s  b od y, su c h  a s  an a n im a l ,  i s  e q u a l  t o  th e  sum o f  t h e  h e a t  
c a p a c i t i e s  o f  a l l  i t s  p a r t s .  K l e i b e r  (1 9 6 1 )  g i v e s  a form u la  f o r  e s t i m a t i n g  
th e  h e a t  c a p a c i t y  o f  an a n im a l  body a s :
Heat C a p a c i ty  = ( 1 . 0  C a l / g  °C )(K g o f  HgO) +  ( 0 . 4  C a l /g  °C)
(Kg d ry  a n im a l  m a t t e r )  w here 1 .0  C a l / g  °C i s  th e  s p e c i f i c  h ea t  o f  w a te r  
and 0 . 4  C a l / g  °C i s  t h e  s p e c i f i c  h e a t  o f  dry  a n im a l  m a t t e r .  Homeotherms 
p o s s e s s  a r a t e  o f  m in im a l o x i d a t i v e  h e a t  p r o d u c t io n ,  known a s  t h e  b a s a l
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common r eg a rd  f o r  g e o g r a p h ic a l  r a n g e ,  and t h e i r  t e m p e r a tu r e s  a r e  more 
s t a b l e  th a n  t h e  c l i m a t e s  o f  t h e  e a r t h ,  w h ich  have  changed a p p r e c i a b l y ,  
w h i l e  th e  te m p e r a tu r e s  o f  t h e  b i r d s  t h a t  i n h a b i t  them have a p p a r e n t ly  
rem ained  f i x e d " .  One o f  t h e  m ost a p p a re n t  p rob lem s f a c i n g  b i r d s  o f  
e v e r y  c l i m a t e  i s  t h a t  o f  m a in t a in i n g  t h e i r  d eep  body te m p e r a tu r e  o v e r  
t h a t  r a n g e  o f  am b ien t te m p e r a tu r e s  a f f o r d e d  them by t h e i r  e n v ir o n m e n t .
The s e a r c h  f o r  t h o s e  " a d a p t a t io n s "  or  modes o f  " a c c l i m a t i z a t i o n "  t h a t  
have  a l lo w e d  them t o  do t h i s ,  a s  th e y  sp r ea d  t o ,  and in h a b i t e d  e v e r y  
c l i m a t e  on e a r t h ,  h as  becom e, f o r  t h e  p h y s i o l o g i s t ,  th e  s tu d y  o f  "Avian  
T h e r m o r e g u la t io n " .
a . The ad ju stm en t o f  h e a t  g a in  and h e a t  l o s s .
Over any r a n g e  o f  am b ien t te m p e r a tu r e s  t h e  c o n t r o l  o f  t h e  body  
t e m p e r a tu r e  d ep en d s  upon t h e  r a t e  o f  h e a t  g a in  and th e  r a t e  o f  h e a t  l o s s  
from t h e  body. I f  t h e  h e a t  c a p a c i t y  and te m p e r a tu r e  o f  a body a r e  c o n s t a n t ,  
th e  r a t e  o f  h e a t  l o s s  w i l l  e q u a l  t h e  r a t e  o f  h e a t  g a in  ( K l e i b e r ,  1 9 6 1 ) .
The h e a t  c a p a c i t y  o f  a homogeneous body i s  e q u a l  t o  th e  p r o d u c t  o f  i t s  
s p e c i f i c  h e a t  t im e s  i t s  m a ss ,  w h ich  means i t s  h e a t  c a p a c i t y  i s  e q u a l  t o  
t h e  q u a n t i t y  o f  h e a t  i n  c a l o r i e s ,  t h a t  body g a i n s  or  l o s e s  when i t s  
te m p e r a tu r e  i s  changed 1® C (S em a t,  1 9 6 2 ) .  The h e a t  c a p a c i t y  o f  a 
h e t e r o g e n e o u s  b o d y , su ch  a s  an a n im a l ,  i s  e q u a l  t o  th e  sum o f  t h e  h e a t  
c a p a c i t i e s  o f  a l l  i t s  p a r t s .  K l e i b e r  (1 9 6 1 )  g i v e s  a form u la  f o r  e s t i m a t i n g  
t h e  h e a t  c a p a c i t y  o f  an a n im a l body a s :
H eat C a p a c i ty  = ( 1 . 0  C a l / g  °C )(K g o f  HgO) +  ( 0 . 4  C a l / g  °C)
(Kg d ry  a n im a l  m a t t e r )  w here  1 . 0  C a l / g  °C i s  t h e  s p e c i f i c  h ea t  o f  w a te r  
and 0 - 4  C a l /g  ®C i s  t h e  s p e c i f i c  h e a t  o f  d ry  a n im a l  m a t t e r .  Homeotherms 
p o s s e s s  a r a t e  o f  m in im a l o x i d a t i v e  h e a t  p r o d u c t i o n ,  known a s  t h e  b a s a l
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t h e r m o s t a t i c a l l y  v i a  i t s  I n s u l a t i o n ,  m e ta b o l i s m ,  m u sc u la r  a c t i v i t y ,  and 
a b i l i t y  t o  r e f r i g e r a t e .  T h is  a l l o w s  i t  t o  o p e r a t e  a t  n e a r ly  t h e  same 
i n t e r n a l  t e m p e r a tu r e  o v e r  a w id e  r a n g e  o f  am b ien t t e m p e r a t u r e s ,
b .  S e a s o n a l  and c l i m a t i c  t h e r m o r e g u l a t i o n .
The m echanism s c o n t r o l l i n g  h e a t  l o s s  and h e a t  g a in  in  homeotherms  
can  b e  a l t e r e d ,  by e i t h e r  e x p o s u r e  f o r  lo n g  p e r io d s  a t  d i f f e r e n t  te m p er ­
a t u r e s  i n  t h e  l a b o r a t o r y ,  o r  by e x p o s u r e  in  t h e  w i ld  t o  s e a s o n a l  tem p er ­
a t u r e  c h a n g e s .  Edholm (1 9 6 1 )  o u t l i n e d  H a r t ' s  t h r e e  c a t e g o r i e s  and d e f i n ­
i t i o n s  o f  t h e s e  a l t e r a t i o n s  a s  f o l l o w s ;  ( 1 )  A c c l im a t io n  d e s c r i b e s  a l t e r ­
a t i o n s  i n  an a n i m a l ' s  r e a c t i o n  t o  a th e r m a l  c o n d i t i o n  when te m p e r a tu r e  
i s  th e  o n ly  v a r i a b l e ,  ( 2 )  A c c l i m a t i z a t i o n  d e s c r i b e s  t h e  a l t e r a t i o n s  in  
an  a n i m a l ' s  r e a c t i o n  t o  a th e r m a l  c o n d i t i o n  a s  a r e s u l t  o f  c l i m a t i c  
e x p o s u r e  ( s e a s o n ,  l a t i t u d e ,  p h o t o p e r io d ,  and t e m p e r a t u r e ) ,  and (3 )  
A d a p t a t io n  d e s c r i b e s  r a c i a l  o r  s p e c i e s  d i f f e r e n c e s  due t o  c l i m a t e .  The 
a l t e r a t i o n s  produ ced  a r e  m e a su r a b le  th r o u g h  c h a n g e s  o c c u r r in g  i n  m e t ­
a b o l i c  a c t i v i t y ,  e f f e c t i v e  i n s u l a t i o n ,  h e a r t  r a t e ,  r e s p i r a t i o n  r a t e ,  
m u sc u la r  a c t i v i t y  ( s h i v e r i n g ) ,  o rg a n  a c t i v i t y  and w e i g h t ,  and body w e i g h t .
I n d i r e c t  m e t a b o l i c  m easurem ents  a r e  r e l a t i v e l y  e a s y  t o  p e r fo r m , and 
i f  c o n t r o l l e d  p r o p e r l y ,  y i e l d  in f o r m a t io n  a b o u t  th e  e x p e n d i t u r e  o f  e n e r g y  
a t  d i f f e r e n t  t e m p e r a t u r e s ,  t h e  r e l a t i v e  e f f e c t i v e n e s s  o f  t h e  t o t a l  i n s u l a ­
t i o n ,  t h e  n a tu r e  o f  t h e  m a t e r i a l  p r o v i d i n g  t h e  e n e r g y ,  and th e  e f f e c t i v e ­
n e s s  o f  t h e  a p p a r a tu s  f o r  e v a p o r a t i v e  c o o l i n g .  B eca u se  o f  t h e  q u a n t i t y  
and v a r i o u s  t y p e s  o f  d a t a  a v a i l a b l e  from  m e t a b o l i c  m ea su rem en ts ,  t h e  
s c i e n c e  o f  a n im a l  c a l o r i m e t r y  has  become a v a l u a b l e  and p o p u la r  t o o l  f o r  
w o rk ers  i n  t h e r m o r e g u la t io n  a s  a means o f  a s s e s s i n g  an a n i m a l ' s  th e r m a l  
r e s t r i c t i o n s .
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2 .  C a lo r im e tr y  o f  th e  body h e a t  o f  hom eotherm s.
a .  The h i s t o r i c a l  d e v e lo p m e n t  o f  i n d i r e c t  c a l o r i m e t r y .
M easu r in g  t h e  q u a n t i t y  o f  h e a t  l o s t  from th e  body ( d i r e c t  c a l o r i ­
m e tr y )  i s  d i f f i c u l t ,  but c a l c u l a t i n g  t h e  q u a n t i t y  o f  h e a t  prod u ced  ( i n d i r e c t  
c a l o r i m e t r y )  by m ea su r in g  t h e  r e s p i r a t o r y  ex ch a n g e  o f  CO2  and O2  i s  r e l a -  
t i m e l y  e a s y .  L a v o i s i e r  and L a P la c e  (1 7 9 0 ;  from K l e i b e r ,  1961) ded u ced  th e  
m ajor q u a n t i t y  o f  h e a t  p rodu ced  by t h e  body was due t o  t h e  c o m b in a t io n  o f  
t h e  i n s p i r e d  O2  w i t h  t h e  C from t h e  m e t a b o l i t e s  t o  form th e  CO2  o f  e x p i r ­
a t i o n .  L e ib e g  (1 8 4 2 ;  from L usk , 1919) c o n c lu d e d  t h e  h e a t  p r o d u c t io n  o f  
t h e  body r e s u l t e d  from t h e  c o m b u st io n  o f  p r o t e i n s ,  c a r b o h y d r a t e s ,  and f a t s ,
bu t e r r o n e o u s l y  assum ed t h a t  o x y g e n  c a u sed  t h i s  c o m b u st io n -  In  1 8 5 2 , B id d er
and Schm idt (from  L usk , 1919)  s t a t e d  " a lm o st  a l l  t h e  n i t r o g e n  o f  p r o t e i n  
and c o l l a g e n  i s  s p l i t  from i t s  c o m b u st io n  and c a r r i e s  w i t h  i t  enough c a rb o n ,  
h y d ro g en ,  and o x y g en  t o  form u r e a ;  t h e  r e m a in in g  p a r t ,  c o n t a i n i n g  5 / 6  o f  
th e  t o t a l  h e a t  v a lu e  o f  t h e  p r o t e i n ,  u n d e rg o e s  o x i d a t i o n  t o  CO2  and H2 O, 
w h ic h  a r e  e l i m i n a t e d  in  t h e  r e s p i r a t i o n ,  t h e  c a l o r i f a c i e n t  f u n c t i o n  b e in g  
f u l f i l l e d " .  T h is  c o n c e p t  o f  p r o t e i n  c a t a b o l i s m  was n o t  c o n s id e r e d  v a l i d ,  
h o w e v e r ,  u n t i l  C a r l V. V o i t  (1 8 5 7 ;  from L usk , 1 9 1 9 )  p ro v ed  i t s  v a l i d i t y  
w it h  an  e x p e r im en t  i n  w h ich  he f e d  d o g s  a p r o t e i n  d i e t  t h a t  c o n t a in e d  a 
known q u a n t i t y  o f  n i t r o g e n ,  and l a t e r  r e c o v e r e d  t h a t  same amount o f  n i t ­
r o g e n  from t h e i r  u r in e  and f a c e s .  He e x p e r im e n ts  le d  t o  th e  c o n c e p t  o f  
" n i t r o g e n  b a la n c e " .
P e t t e n k o f f e i  and V bit  (1 8 6 6 ;  from L usk , 1919) c a l c u l a t e d  t h e  grams 
o f  p r o t e i n  and f a t  c a t a b o l i s e d  by a f a s t i n g  man, by m e a su r in g  t h e  grams 
o f  n i t r o g e n  i n  h i s  u r i n e  and t h e  grams o f  c a rb o n  i n  h i s  e x p ir e d  a i r .  The 
h e a t s  o f  c o m b u st io n  o f  p r o t e i n  and f a t  a s  found i n  a bomb c a l o r i m e t e r
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w ere  th e n  a p p l i e d  d i r e c t l y  t o  t h e s e  c a l c u l a t e d  w e i g h t s ,  t o  d e te r m in e  t h e  
t o t a l  h e a t  p r o d u ce d .  Rubncr (1 8 8 5 ;  from L usk, 1919) found t h e i r  d e t e r m in ­
a t i o n  i n  e r r o r ,  b e c a u s e  th e y  had f a i l e d  t o  s u b t r a c t  t h e  v a lu e  f o r  th e  h e a t  
o f  c o m b u st io n  o f  t h e  u r in a r y  n i t r o g e n  ( u r e a ) ,  from t h e  h e a t  o f  c o m b u st io n  
o f  th e  p r o t e i n .  He c o n c lu d e d  t h i s  was a b s o l u t e l y  n e c e s s a r y  s i n c e  th e  
urea r e p r e s e n t e d  t h e  in c o m p le te  o x i d a t i o n  o f  p r o t e i n  i n  t h e  b o d y . In  
l a t e r  s t u d i e s  Rubner co n f ir m e d  t h a t  c a r b o h y d r a te s  and f a t s  a r e  c o m p le t e ly  
o x i d i z e d  i n  th e  body and in  1894 (from  D u B ois , 1936) w r o te  t h a t  he c o u ld  
e x p r e s s  o r g a n ic  h e a t  p r o d u c t io n  a s  th e  h e a t  o f  c o m b u st io n  o f  c a t a b o l i z e d  
compounds m inus t h e  h e a t  o f  co m b u st io n  o f  u r in a r y  com p on en ts ,
b . The r e s p i r a t o r y  q u o t l e n t .
U s in g  A v o g a d r o 's  h y p o t h e s i s ,  some e a r l y  i n v e s t i g a t o r s  compared th e  
volum e o f  CO2  produ ced  t o  t h e  volum e o f  O2  consumed by an a n im a l d u r in g  
a m e t a b o l i c  t r i a l .  R e g n a u lt  and R e i s t  (1 8 4 9 ,  from L usk , 1919) fed  
d i f f e r e n t  mammals c o m b in a t io n s  o f  f o o d s t u f f s ,  and t h e n  m easured and 
compared th e  vo lum es o f  CO2  e x p ir e d  t o  th e  vo lu m es o f  O2  consumed a f t e r  
e a c h  f e e d i n g .  They found t h e  r a t i o  o f  th e  vo lu m es  v a r i e d  n o t  from s p e c i e s  
t o  s p e c i e s ,  bu t r a t h e r  from f o o d s t u f f  t o  f o o d s t u f f .  F f lu n g e r  (1 8 7 7 ;  
from L usk , 1919) c a l l e d  t h i s  r a t i o  th e  r e s p i r a t o r y  q u o t i e n t
(R.Q.-CO2/O2)
M o le c u le s  o f  c a r b o h y d r a t e , f a t ,  and p r o t e i n  e a c h  c o n t a i n  d i f f e r e n t  
r a t i o s  o f  t h e  e l e m e n t s  c a r b o n ,  h y d ro g e n ,  and o x y g en  i n  t h e i r  c h e m ic a l  
s t r u c t u r e s .  In  t h e  c a t a b o l i s m  o f  t h e s e  m o l e c u l e s ,  c a t a l y t i c  
enzym es a r e  used a s  a s u b s t r a t e  f o r  t h e i r  o x i d a t i o n .  O nly c a r b o h y d r a te s  
and f a t s ,  h ow ev er , a r e  c o m p le t e ly  o x i d i z e d  t o  COg and HgO, w h i l e  p r o t e i n  
o x i d a t i o n  i s  in c o m p le t e ;  a s m a l l  p a r t  of t h e  p r o t e i n  molecules b e i n g  c o n -
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v e r t e d  t o  urea r a t h e r  th a n  CO2  and HgO. An e x a m in a t io n  o f  a m o le c u le  o f  
e a c h  f o o d s t u f f  shows why d i f f e r e n t  q u a n t i t i e s  o f  O2  consum ed, and CO2
prod u ced  in  t h e  c a t a b o l i s m  o f  e a c h .
( 1 ) .  C arb oh yd rate  r e s p i r a t o r y  q u o t i e n t .
G lu c o s e  (CgH][^0®5) » t h e  m ajor m o le c u le  o f  c a r b o h y d r a te  c a t a b o l i s m ,  
c o n t a i n s  a 2 . 1  r a t i o  o f  h y d ro g en  and o x y g e n .  T h is  a l l o w s  th e  fo r m a t io n  
o f  H2 O w i t h o u t  e x t r a - m o l e c u l a r  O2  d u r in g  c a t a b o l i s m .  Only th e  carb on  
r e q u i r e s  e x t r a  m o le c u la r  O2  f o r  CO2  f o r m a t io n .  For e a c h  m o le c u le  o f  O2  
consumed i n  t h e  r e a c t i o n ,  one m o le c u le  o f  CO2  w i l l  be form ed , g i v i n g  
c a r b o h y d r a te s  and r e s p i r a t o r y  q u o t i e n t  o f  1 . 0  (D u B o is ,  1 9 3 6 ) .
( 2 ) .  P r o t e i n  r e s p i r a t o r y  q u o t i e n t .
P r o t e i n s ,  b e c a u s e  th e y  a r e  i n c o m p le t e l y  c a t a b o l i s e d ,  r e q u ir e  
c o m p l ic a te d  m a th e m a tic s  f o r  c a l c u l a t i n g  t h e i r  r e s p i r a t o r y  q u o t i e n t .  Lowey 
(1 9 1 1 ;  from Lusk., 1 9 1 9 )  computed t h e  r e s p i r a t o r y  q u o t i e n t  f o r  t h e  c a t a b o l i s m  
o f  100 g o f  meat p r o t e i n .  H is  c a l c u l a t i o n s  show t h a t  a f t e r  t h e  fo r m a t io n  
o f  t h e  o r g a n ic  n i t r o g e n  compounds and th e  d e p l e t i o n  o f  t h e  m o le c u la r  O2 ,
C and H b o th  rem a in , b u t  C i n  t h e  g r e a t e s t  q u a n t i t y .  E x tra  m o le c u la r  O2  
i s  r e q u ir e d  t o  c o m p le te  t h e i r  o x i d a t i o n .  Thus t h e  r a t i o  o f  CO2  formed  
t o  © 2  consumed becom es l e s s  th a n  1 . 0 .  lo w ey  c a l c u l a t e d  an r e s p i r a t o r y  
q u o t i e n t  o f  0 .8 0 1  f o r  t h e  c a t a b o l i s m  o f  p r o t e i n .
( 3 ) .  F a t  r e s p i r a t o r y  q u o t i e n t .
M o b i l i s a t i o n  o f  f a t  f o r  c a t a b o l i s m  o c c u r s  when c a l o r i c  e x p e n d i t u r e  
e x c e e d s  c a l o r i c  I n t a k e ,  and i n v o l v e s  t h e  h y d r o l y s i s  o f  t r i g l y c e r i d e s  t o  f r e e  
f a t t y  a c i d s  and g l y c e r o l ,  w h ich  a r e  th e n  c a t a b o l i s e d  f o r  e n e r g y  (M asoro,  
1 9 6 6 ) .  T r i p t l m i t r  (Cg^HggO^) i s  a good i l l u s t r a t i o n  o f  th e  p r o p e r t i e s  
w h ic h  g i v e  f a t s  t h e i r  c h a r a c t e r i s t i c  r e s p i r a t o r y  q u o t i e n t s .  The m o le c u le  
c o n t a i n s  v e r y  l i t t l e  O2  and a f t e r  i t s  d e p l e t i o n  d u r in g  c a t a b o l i s m ,  b o t h
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C and H r e m a in .  As i n  p r o t e i n s ,  t h e r e f o r e ,  t h e  r a t i o  o f  OG2 p ro d u ced ,  
t o  eK tr a m o Iec u Ia r  Og consumed w i l l  be b e lo w  1 . 0 ,  b u t  b e c a u s e  t h e  r a t i o  
o f  H t o  C i s  g r e a t e r  i n  f a t s  th a n  i n  p r o t e i n s ,  th e  r e s p i r a t o r y  q u o t i e n t s  
o f  f a t s  a r e ,  low er  th a n  t h o s e  o f  p r o t e i n .  One m ole o f  t r i p a l m i t i n  r e q u i r e s  
7 2 .5  m o le s  o f  0  f o r  i t s  o x i d a t i o n ,  and p r o d u c e s  51 m o le s  o f  CO2 , w h ich  
r e s u l t s  i n  an r e s p i r a t o r y  q u o t i e n t  o f  0 .7 0 3  (D u B o is ,  1 9 3 6 ) .
3 .  The c a l c u l a t i o n  o f  h e a t  p r o d u c t io n  b"f I n d i r e c t  c a l o r i m e t r y .
To c a l c u l a t e  h e a t  p r o d u c t io n  d i r e c t l y  from t h e  r e s p i r a t o r y  e x c h a n g e ,  
t h e  b e s t  e q u i v a l e n t  o f  t h e  O2  r e q u ir e d  f o r  t h e  c o m b u st io n  o f  e a c h  f o o d s t u f f  
must be  known. B e c a u se  t h e  n i t r o g e n  i n  p r o t e i n  i s  i n c o m p le t e l y  o x i d i z e d ,  
i t s  c o n t r i b u t i o n  t o  t o t a l  h e a t  p r o d u c t io n  i s  c a l c u l a t e d  from u r in a r y  
n i t r o g e n ,  and t h o s e  v o lu m es  o f  COg and Og i n v o l v e d  i n  i t s  c a t a b o l i s m  a r e  
c a l c u l a t e d  and s u b t r a c t e d  from t h e  r e s p i r a t o r y  e x c h a n g e .  T h is  l e a v e s  a 
r a t i o  o f  COg/Og known a s  t h e  n o n - p r o t e in  r e s p i r a t o r y  q u o t i e n t ,  from w h ich  
t h e  h e a t  c o n t r ib u t e d  by o x i d a t i o n  o f  f a t  o r  c a r b o h y d r a t e ,  o r  a c o m b in a t io n  
o f  t h e  tw o , can  be c a l c u l a t e d .  From bomb c a l o r i m e t r i c  m easurem ents  o f  
known m a sse s  o f  e i t h e r  c a r b o h y d r a te  o r  f a t ,  t h e  h e a t  produ ced  upon com­
b u s t i o n  o f  e i t h e r  fo o d  can  be d e t e r m in e d ,  and from t h e  c a l c u l a t i o n s  o f  
r e s p i r a t o r y  q u o t i e n t ,  t h e  q u a n t i t y  o f  e x t r a  m c ïa c u la r  r e q u ir e d  f o r  t h e  
c o m b u st io n  o f  e i t h e r  can  b e  d e t e r m in e d .  By co m b in in g  t h e  r e s u l t s  o f  t h e s e  
two m ea su rem en ts ,  th e  h e a t  e q u i v a l e n t  o f  t h e  volum e o f  Og in v o lv e d  i n  t h e  
c o m b u st io n  o f  e i t h e r  f o o d s t u f f  can  be c a l c u l a t e d .  S in c e  th e  n o n - p r o t e in  
r e s p i r a t o r y  q u o t i e n t  v a l u e s  w h ich  f a l l  b e tw e e n  0 .7 0 3  and 1 .0  r e p r e s e n t  
c o m b in a t io n s  o f  f a t  and c a r b o h y d r a te  c a t a b o l i s m ,  t h e  p e r  c e n t  o f  h e a t  
c o n t r i b u t e d  by e a c h  t o  th e  t o t a l  n o n - p r o t e i n  c a t a b o l i s m  can  be c a l c u l a t e d .  
Luifk (1 9 1 9 )  p r e s e n t e d  t h e  Z untz and Shumberg tab'l e  w h ich  g i v e s  t h i s
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i n f o r m a t i o n ,  a s  w e l l  a s  t h e  c a l o r i c  e q u i v a l e n t  o f  a l i t e r  o f  O2  a t  any  
n o n - p r o t e i n  r e s p i r a t o r y  q u o t i e n t  (D u B o is ,  1 9 3 6 ) .
M a g n u s- lev y  (1 9 0 1 ;  from D u B o is ,  1936 ) d e te r m in e d  t h a t  i n  a man
who had f a s t e d  12 t o  14 h o u r s ,  p r o t e i n  f u r n i s h e d  12 t o  18% o f  t h e  t o t a l
c a l o r i e s .  He made a t a b l e  o f  c a l o r i c  v a l u e s  f o r  o x y g e n ,  b a se d  on t h i s  know­
l e d g e ,  w h ich  e n a b le d  e x p e r im e n t e r s  t o  c a l c u l a t e  t o t a l  h e a t  p r o d u c t io n  from  
th e  t o t a l  r e s p i r a t o r y  q u o t i e n t ,  and th u s  a v o id  th e  c o l l e c t i o n  and a n a l y s i s  
o f  u r i n e .  Many i n v e s t i g a t o r s  b egan  e m p lo y in g  a c a l o r i c  v a l u e  o f  4 . 8  C a l / 1  
t o  t h e  o s y g e n  consumed by i n d i v i d u a l s  who had f a s t e d  f o r  a b o u t  14 h o u r s ,  
and who had a t o t a l  r e s p i r a t o r y  q u o t i e n t  o f  a p p r o x im a te ly  0 .8 2  (D u B o is ,
1 9 3 6 ) .  The p r a c t i c e  o f  m e a s u r in g  o n ly  t h e  o x y g en  c o n su m p tio n  s o o n  d e v e lo p e d ,  
and a number o f  v a r i e d  and s p e c i a l i s e d  a p p a r a t u s e s  w ere  d e v e lo p e d ,  t h e  
d e s c r i p t i o n s  o f  w h ich  can  be found i n  Lusk ( 1 9 1 9 ) ,  D uBois ( 1 9 3 6 ) ,  Brody  
( 1 9 4 5 ) ,  and K l e ib e r  ( 1 9 6 1 ) .
4 .  The r o l e  o f  th e  r e s p i r a t o r y  q u o t i e n t  i n  i n d i r e c t  c a l o r i m e t r i c  m easurem ents
a . F in d in g  t h e  c a l o r i c  e q u i v a l e n t  o f  o x y g en  f o r  b i r d s .
The p r o c e d u r e s  o f  i n d i r e c t  c a l o r i m e t r y  have  b e e n  a p p l i e d  t o  s t u d i e s  
o f  a v i a n  m e ta b o l is m ,  and t h e  p r a c t i c e  o f  o m i t t i n g  m easurem ents  o f  u r in a r y  
n i t r o g e n ,  and u s in g  t h e  t o t a l  r e s p i r a t o r y  q u o t i e n t  f o r  d e t e r m in in g  th e  
c a l o r i c  v a l u e  o f  t h e  o x y g e n  consumed h ave  f o l l o w e d  (K in g , 1 9 5 7 ) .  B a r o t t  
and P r i n g l e  (1 9 4 1 )  e x p e r im e n te d  w i t h  c h i c k e n s ,  and found, t h e  c a l o r i c  e q u i ­
v a l e n t s  f o r  o x y g e n ,  a s  g i v e n  i n  th e  Z untz and Schumberg t a b l e  a p p l i c a b l e  
t o  t h e i r  a n im a ls  when t h e y  had a r e s p i r a t o r y  q u o t i e n t  o f  ab ou t 0 . 7 0 ,
Henry e t  a^l. (1 9 3 4 )  c o n c lu d e d  from t h e  b a s i s  o f  t h e i r  e x p e r im e n ts  t h a t
i n d i r e c t  c a l o r i m e t r y  i s  n o t  a p r o p e r  t e c h n iq u e  t o  u s e  i n  d e t e r m in in g  t h e  
h e a t  p r o d u c t io n  o f  b i r d s  b e c a u s e  t h e  c a l o r i c  e q u i v a l e n t s  f o r  th e  o x y g en
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consumed when t h e  b ir d  has a r e s p i r a t o r y  q u o t i e n t  b e lo w  0 .7 1  a r e  not  
a v a i l a b l e .  M e l le n  and H i l l  (1 9 5 5 )  s u g g e s t e d  t h e  m e t a b o l i c  r a t e  o f  b i r d s  
be g i v e n  o n ly  i n  term s o f  o x y g en  co n su m p tio n  and n o t  h e a t  p r o d u c t io n .
K ing (1 9 5 7 )  s t a t e d ,  h o w ev er , t h a t  . . e v e n  th o u g h  t h e  v a l i d i t y  o f  e s ­
t i m a t i n g  t h e  h e a t  p r o d u c t io n  o f  b i r d s  th ro u g h  r e f e r e n c e  t o  t h e  Z untz  and 
Shuroberg t a b l e  i s  n o t  u n e q u i v o c a l l y  e s t a b l i s h e d  . . . t h e  s c a n t  e v id e n c e  
a v a i l a b l e  s u g g e s t s  t h e  method i s  valid"".
Many r e c e n t  a u t h o r s  (B ru sh ,  1965; C a ld e r ,  1964; C a ld er  and K in g ,  
1963; Dawson, 1958; Dawson and T o r d o f f ,  1964; L a s ie w s k i  et^ a _ l . , 1966;  
and L a s i e w s k i  and Dawson, 1967) have  used  a c a l o r i c  v a l u e  o f  4 . 8  C a l /1  
f o r  t h e  o x y g e n  consumed by a  b i r d  i n  t h e  r e s t i n g ,  u n r e s t r a i n e d ,  p o s t -  
a b s o r p t i v e  c o n d i t i o n ,  w h i l e  o t h e r s  (Dawson, 1 9 5 4 , Dawson and T o r d o f f ,
1 959; M isc h ,  1960; V e g h te ,  1964) i n  s i m i l a r  e x p e r im e n ts  have u sed  a 
c a l o r i c  v a lu e  o f  4 . 7  C a l / 1 .  K l e ib e r  (1 9 6 1 )  g a v e  o x y g en  a c a l o r i c  
e q u i v a l e n t  o f  4 . 7  C a l /1  i n  m e ta b o l is m  t r i a l s  and makes no d i s t i n c t i o n  
a s  t o  w h e th e r  th e  v a l u e  a p p l i e s  t o  mammals o r  b i r d s ,  
b- R e s p i r a t o r y  q u o t i e n t  va  lu e s  b e lo w  0 . 7 1 .
R e s p i r a t o r y  q u o t i e n t  v a l u e s  b e lo w  0 . 7 1  a r e  a p p a r e n t ly  r e a l ,  and 
o c c u r  r e g u l a r l y  i n  a v i a n  m e ta b o l ism  t r i a l s ,  and a p p a r e n t ly  r e p r e s e n t  a 
d i f f e r e n c e  b e tw e en  t h e  f a s t i n g  m e ta b o l ism  o f  b i r d s ,  and o f  mammals (K in g ,  
1 9 5 7 ) ,  th o u g h  K l e i b e r  (1 9 6 1 )  r e p o r t e d  t h e  o c c u r r e n c e  o f  t h e s e  low r e s p i r a ­
t o r y  q u o t i e n t s  i n  mammals f e d  s p e c i a l  d i e t s .  In  th e  c a t a b o l i s m  o f  p r o ­
t e i n ,  u r i c  a c i d  i s  t h e  p r o d u c t  o f  th e  in c o m p le t e  co m b u st io n  i n  b i r d s ,  and 
i t s  fo r m a t io n  from t h e  p r o t e i n  m o le c u le  l e a v e s  b eh in d  q u a n t i t i e s  o f  
ca rb o n  and h y d ro g en  w h ic h  r e q u i r e  more e x t r a  m o le c u la r  o x y g en  f o r  t h e i r  
c o m p le te  o x i d a t i o n  th a n  i f  urea  w ere  formed aa i n  mammals. The p r o t e i n
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r e s p i r a t o r y  q u o t i e n t  o f  b ir d s ,  t h e r e f o r e ,  i s  a b o u t  0 . 7 5  t o  0 . 7 4 ,  r a t h e r  
th a n  0 . 8 2  a s  i n  mammals (K in g ,  1957; K l e i b e r ,  1 9 6 1 ) .  K ing ( 1 9 5 7 ) ,  i n  
c o n t r a s t  t o  M e l le n  and H i l l  ( 1 9 5 5 ) ,  f e l t  t h a t  p r o t e i n  c a t a b o l i s m  i n  b i r d s  
c a n n o t  e x p l a i n  a v ia n  r e s p i r a t o r y  q u o t i e n t  v a l u e s  a s  low a s  0 . 6 5 ,  and 
s u g g e s t s  i n s t e a d ,  ( 1 )  in c o m p le t e  o x i d a t i o n  o f  f a t ,  and ( 2 )  i n t e r c o n v e r s i o n s  
among f a t ,  p r o t e i n ,  and c a r b o h y d r a te  a s  b e in g  p o s s i b l e  s o u r c e s  o f  t h e s e  
low r e s p i r a t o r y  q u o t i e n t  v a l u e s .  K l e i b e r  ( 1 9 6 1 ) ,  h o w e v e r ,  p r e s e n t e d  a 
r e a c t i o n  d e m o n s tr a t in g  t h e  c a t a b o l i s m  o f  A la n in e  i n  b i r d s  t o  u r i c  a c i d ,
COg, and H2 O w h ich  ga v e  an  r e s p i r a t o r y  q u o t i e n t  v a l u e  o f  0 . 6 6 7 .  K l e i b e r ,  
(1 9 6 1 )  a l s o  s u g g e s t e d  t h a t  low r e s p i r a t o r y  q u o t i e n t  v a l u e s  may i n d i c a t e  
t h e  s y n t h e s i s  o f  c a r b o h y d r a te  from f a t s ,  a s  must happen i n  t h e  l a c t a t i n g  
cow. C a rb oh yd rate  s y n t h e s i s  from f a t  I s  a l s o  s u g g e s t e d  by th e  work o f  
Henry ^  a ^ . , (1 9 3 4 )  who found t h a t  b lo o d  g l u c o s e  i n  c o c k s  r o s e  a s  t h e i r  
r e s p i r a t o r y  q u o t i e n t s  f e l l  t o  v a l u e s  b e lo w  0 . 7 1 .  The c a l o r i c  e q u i v a l e n t  
o f  t h e  o x y g e n  consumed by a n im a ls  w i t h  r e s p i r a t l r y  q u o t i e n t s  o f  0 . 70 t o  
0 . 6 5  i s  s t i l l  an u n s o lv e d  q u e s t i o n ,
c .  R e s p i r a t o r y  q u o t i e n t  v a l u e s  a b o v e  1 . 0 .
R e s p i r a t o r y  q u o t i e n t s  a b ove  1 . 0  i n d i c a t e  t h e  s y n t h e s i s  o f  f a t  
from  c a r b o h y d r a te  (D u B o is ,  1936;  K l e i b e r ,  1961; L usk , 1 9 1 9 ) .  T h is  ca n  
b e  w e l l  e x e m p l i f i e d  by t h e  r a p id  f a t  d e p o s i t i o n  shown i n  g e e s e  and p i g s  
t h a t  h ave  b e e n  f o r c e  f e d  g r a i n .  B l e i b t r e u  (1 9 0 1 ;  from Lusk, 1 9 1 9 )  o b t a in e d  
r e s p i r a t o r y  q u o t i e n t s  a s  h ig h  a s  1 .3 3  i n  g e e s e  s t u f f e d  w i t h  g r a i n .  The 
e l e v a t e d  r e s p i r a t o r y  q u o t i e n t  r e s u l t e d  from t h e  fo r m a t io n  o f  an  O2  p o o r  
p r o d u c t ,  from an Og r i c h  p r e c u r s o r ,  s o  t h e  O2  a b so r b e d  from t h e  o u t s i d e  
w i l l  b e  low  i n  r e l a t i o n  t o  t h e  CO2  p r o d u ce d .  The f a t  formed from a 
q u a n t i t y  o f  g l u c o s e  w i l l  have  l e s s  h e a t  c o n t e n t  th a n  t h e  g l u c o s e  from
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w h ic h  i t  was form ed , h e n c e  t h e  r e a c t i o n  I s  e x o t h e r m ic .  For e v e r y  l i t e r  
o f  €02  p rod u ced  i n  t h e  s y n t h e s i s  o f  f a t ,  0 . 8  C al w i l l  b e  r e l e a s e d .  When 
c a l c u l a t i n g  t h e  t o t a l  h e a t  p rod u ced  i n  a r e s p i r a t o r y  t r i a l  i n v o l v i n g  a 
r e s p i r a t o r y  q u o t i e n t  o v e r  1 . 0 ,  t h a t  q u a n t i t y  o f  CO2  n o t  in v o l v e d  i n  c r e a t ­
in g  t h e  r e s p i r a t o r y  q u o t i e n t  o f  1 - 0 ,  i s  m u l t i p l i e d  by t h i s  f a c t o r  ( 0 . 8  C a l)  
and t h e  p r o d u c t  i s  added t o  t h e  o t h e r  h e a t  v a l u e s  (O u B o is ,  1 9 3 6 ) .
d . The v a l u e  o f  t h e  r e s p i r a t o r y  q u o t i e n t  a s  an, in d e x  o f  t h e  in t e r m e d la r y  
m e t a b o l i s m .
K l e i b e r ,  ( 1 9 6 1 )  s t a t e d ,  'T he r e s p i r a t o r y  q u o t i e n t  i s  I n a d e q u a te  a s  
an in d e x  f o r  t h e  n a t u r e  o f  t h e  I n te r m e d ia r y  m e ta b o l i s m ,  and p a r t i c u l a r l y  
o f  t h e  p r e c u r s o r - p r o d u c t  r e la t io n s h ip * * .  He f e e l s ,  h o w ev er , i t  i s  s t i l l  
a v a l u a b l e  t o o l  i n  i n d i c a t i n g  t h e  n a t u r e  o f  t h e  p r o d u c t s  b e in g  c a t a b o l i s e d .  
Krog (1 9 1 6 )  m e n t io n e d  t h a t  t h e  " a ssu m p t io n  on w h ic h  t h e  d e d u c t io n s  from  
r e s p i r a t o r y  q u o t i e n t s  a r e  u s u a l l y  b a se d  may n o t  be  s t r i c t l y  c o r r e c t ,  b e c a u s e  
( I )  s u b s t a n c e s  o t h e r  th a n  c a r b o h y d r a t e s ,  f a t s ,  and p r o t e i n s  may be  c a t a b o l ­
i s e d ,  ( 2 )  s y n t h e s i s  may t a k e  p l a c e ,  ( 3 )  t h e r e  may be a d i f f e r e n c e  b e tw e en  
t h e  CO2  p rod u ced  i n  a g i v e n  t im e  i n t e r v a l  and t h e  CO2  e x h a le d  a t  t h a t  t im e " .  
I r v i n g  e t  a l . , (1 9 3 0 )  f e l t  r e s p i r a t o r y  q u o t i e n t  v a l u e s  c o u ld  b e  t e m p o r a r i ly  
d i s t o r t e d  by t h e  r e t e n t i o n  o r  a d d i t i o n  o f  CO2  from t h e  l a r g e  r e s e r v e s  t h e  
a n im a l p o s s e s s e s .  K l e i b e r  ( 1 9 6 1 )  p r o p o se d ,  t h e r e f o r e ,  t h a t  r a d i o a c t i v e  
t r a c e r s  b e  u sed  i n  d e t e r m in in g  p r o d u c t - p r e c u r s o r  r e l a t i o n s h i p s  r a t h e r  th a n  
r e s p i r a t o r y  q u o t i e n t s .
e .  The e f f e c t s  o f  low  a m b ien t  t e m p e r a tu r e s  on  t h e  r e s p i r a t o r y  q u o t i e n t .
K a y ser  ( 1 9 3 7 a ,  1937b ) r e p o r t e d  t h a t  a b s o r p t i v e  a n im a ls  i n  c o l d  p r o ­
du ced  e x t r a  h e a t  from l i p i d  c o m b u s t io n  e x c l u s i v e l y ,  a s  i n d i c a t e d  by t h e i r  
r e s p i r a t o r y  q u o t i e n t .  C h é n ie r , ( 1 9 5 4 ;  from M asoro , 1 9 6 6 ) ,  Page ( 1 9 5 7 ) ;  Page  
and C h ^ n ier  (1 9 5 3 )  w o r k in g  w i t h  w h i t e  r a t s  f u r t h e r e d  t h i s  n o t i o n ,  and P age
Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
1 9 .
( 1 9 5 7 )  co n c lïsd ed  on  th e  b a s i s  o f  r e s p i r a t o r y  q u o t i e n t s  t h a t  i n  mammals f a t s  
w ere  p r e f e r e n t i a l l y  u sed  f o r  h e a t  p r o d u c t io n  upon p r o lo n g e d  e x p o s u r e  t o  
c o l d .  M asoro (1 9 6 6 )  q u o te d  o t h e r  s t u d i e s  n o t  u s i n g  r e s p i r a t o r y  q u o t i e n t s  
a s  t h e  c r i t e r i o n  f o r  f a t  c a t a b o l i s m ,  and c o n c lu d e d  t h a t  c o l d - a c c l i m a t e d  
r a t s  d id  n o t  u s e  f a t  p r e f e r e n t i a l l y  f o r  n o n s h iv e r in g  t h e r m e o g e n e s i s  b u t  
r a t h e r  a l l  f o o d s t u f f s  w ere  u sed  a t  an  in c r e a s e d  r a t e .  C o ld - a c c l im a t e d  
r a t s ,  h o w e v e r ,  when f a s t e d  a t  c o ld  t e m p e r a t u r e s ,  d id  n o t  d e v e lo p  k e t o s i s  
o r  h e p a t i c  f a t  i n f i l t r a t i o n  b e c a u s e ,  u n l i k e  n o n - c o ld  a c c l i m a t e d  a n i m a l s ,  
t h e i r  l i v e r s  p o s s e s s e d  a g r e a t e r  c a p a c i t y  t o  o x i d i z e  f a t .
S c h o la n d e r  ^  (1 9 5 0 b )  found no i n d i c a t i o n  t h a t  c o ld  m o d i f i e d
t h e  r e s p i r a t o r y  e x ch a n g e  o f  a r c t i c  a n im a l s ,  h e n c e  t h e i r  r e s p i r a t o r y  
q u o t i e n t s  w ere  u n a f f e c t e d  by te m p e r a tu r e .  Krog e t  a l .  (1 9 5 5 )  worked w i t h  
w i l d  brown and w h i t e  l a b o r a t o r y  r a t s  ( R a t t u s  n o r v i g i c u s )  a t  A n c h o ra g e ,  
A la s k a ,  and found t h a t  c o ld  d id  n o t  a f f e c t  t h e  r e s p i r a t o r y  ex ch a n g e  o r  
r e s p i r a t o r y  q u o t i e n t  o f  t h e s e  a n im a l s .  I r v i n g  and Hart ( 1 9 5 7 ) ,  and Hart 
and I r v i n g  (1 9 5 9 )  i n  summer and w i n t e r  s t u d i e s  o f  t h e  h a rb o r  s e a l  (Phoca  
v i t u l i n a )  and w i n t e r  s t u d i e s  o f  t h e  harp  s e a l  (P hoca  g r o e n l a n d l c a ) r e p o r t e d  
no a l t e r a t i o n s  o f  r e s p i r a t o r y  q u o t i e n t  i n  t h e s e  s e a l s  due t o  e i t h e r  s e a s o n  
o r  t e m p e r a tu r e .  I r v i n g  e ^  a l . , (1 9 5 5 )  worked w i t h  b o t h  summer and w in t e r  
i n d i v i d u a l s  o f  th e  a r c t i c  r e d  f o x  (V u lp e s  v u l p e s  a l a s c e n s i s ) . t h e  A la sk a  
r ed  s q u i r r e l  (T a m la s c iu r u s  K u d son icu s  p r e b l e i ) . t h e  p o r c u p in e  ( E r e t h lz o n  
d o rsa tu m  m y o p s ) . t h e  b l a c k  b r a n t  ( B ra n ta  b e r n i c l a  o r l e n t a l l s ) , and t h e  
n o r t h w e s t e r n  crow (C orvus c a u r i n u s ) , and c o n c lu d e d  t h a t  e v e n  th o u g h  r e s p i r a -  
t o r y  q u o t i e n t  ch a n g e s  o c c u r r e d  i n  t h e  r e d  s q u i r r e l ,  t h e  p o r c u p in e ,  t h e  
b la c k  b r a n t ,  and t h e  n o r t h w e s t e r n  crow , t h e s e  w ere  n o t  t h e  r e s u l t  o f  
c h a n g in g  s e a s o n  o r  te m p e r a tu r e .  They c o n c lu d e d  any v a r i a t i o n s  w h ic h
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o c c u r e d  v e r »  m?r?1y c a u sed  by th e  r e t e n t i o n  o r  a d d i t i o n  o f
COg from la r g e  r e s e r ' / e s  t h e  a n im a l p o s s e s s e s .  B rush ( 1 9 6 4 ) ,  h o w e v e r ,  
found a s i g n i f i c a n t  d i f f e r e n c e  i n  th e  r e s p i r a t o r y  q u o t i e n t  o f  t h e  C a l i f »  
o r n ia  q u a i l  'C a l i f o r n i e us) a b ove  and b e lo w  t h e  low er  c r i t i c a l
temper.stv,7-g, and Bra .n er  (1 9 6 5 )  w ork in g  w i t h  t h e  European s t a r l i n g  f ^ tu r n u a 
v u l g a r i s ) found t h e i r  mean r e s p i r a t o r y  q u o t i e n t  d e c r e a s e d  when t h e  ambient, 
te m p e r a tu r e  d e c r e a s e d .
5 . T h e r m o r é g u la t io n  a t  am b ien t te m p e r a tu r e s  b e lo w  t h e  body t e m p e r a tu r e .
S e v e r a l  r e v ie w s  (Dawson and S c h m id t » N ie l s e n ,  1964; G e l in e o ,  1964;  
H ardy, 1961; H are, 1 9 5 7 , 1962a, 1964; Hudson, 1962; Hudson and B artholom ew ,  
1964; I r v i n g ,  1 9 6 0 , 1964; K ing  and E a rn er ,  1 9 6 1 , 1964; K l e i b e r ,  1964; W est ,  
1 962) t r e a t  in. a c o m p r e h e n s iv e  way t h e  m ethods em ployed by homeotherros to  
p r e s e r v e  t h e i r  body te m p e r a tu r e  i n  s p i t e  o f  a c h a n g in g  am b ien t te m p e r a tu r e .  
From "hes e  r e v ie w s  and t h e  s t u d i e s  t r e a t e d  i n  them , s e v e r a l  term s and a 
number o f  c o n c e p t s  h ave  em erged , w h ich  d e s c r i b e  th e  m e t a b o l i c ,  e v a p o r a t i v e ,  
and i n s u l a t i v e  r e s p o n s e s  o f  hom eotherms t o  b o th  h ig h  and low t e m p e r a t u r e s ,
a .  The gone o f  th er m a l n e u t r a l i t y , t h e  r e s t i n g  m e t a b o l i c  r a t e ,  and 
p h y s i c a l  th e  jraiore g u l a t i o n .
b )? a p p ly in g  v a r io u s  m eth ods  o f  i n d i r e c t  c a l o r i m e t r y ,  i t  has  b een  
p o s s i b l e  t o  m easure an  a n i m a l ’ s  c h a n g es  i n  h e a t  p r o d u c t io n  i n  r e l a t i o n  t o  
c h a n g es  i n  t h e  am bient t e m p e r a tu r e .  S in c e  t h e  t im e  o f  L a v o i s i e r ,  th e  
h e a t  p r o d u c t io n  o f  a n im a ls  has b e e n  s t u d i e d ,  and i t  has  b een  e s t a b l i s h e d  
t h a t  e a ch  7 s p e c i e s  h a s ,  a t  a c e r t a i n  a m b ien t  te m p e r a tu r e ,  o r
o v e r  B r a ' v . 5  o f  a m b i e n t  t e m p e r a t u r e s ,  a m in im a l r a t e  o f  h e a t  p r o d u c t io n  
( ‘̂ 'he o r  r e n t i n g  n '& ta lo li ' .  r a t e )  w h ich  i n  h e a l t h  i s  s u f f i c i e n t  t o
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m a in t a in  th e  body te m p e r a tu r e  ( B e n e d i c t ,  1938; B rod y , 1945; D u B o is ,  1936;  
K l e i b e r ,  1961; L usk , 1 9 1 9 ) .  The ra n g e  o f  am b ien t t e m p e r a tu r e s  o v e r  w h ich  
an a n im a l  can  m a in t a in  i t s  body te m p e r a tu r e  v i a  i t s  r e s t i n g  m e t a b o l i c  
r a t e ,  i s  d i r e c t l y  r e l a t e d  t o  th e  e f f e c t i v e n e s s  o f  i t s  i n s u l a t i o n .  A d j u s t ­
ment o f  th e  iri'5. ÎSÜt iu,-: t o  m a in t a in  th e  body te m p e r a tu r e  a t  t h e  r e s t i n g  
m e t a b o l i c  r a t e  lo  term ed ph y s i c a l  t h e r m o r e g u la t I o n , and t h a t  ran ge  o f  am b ien t  
t e m p e r a tu r e s  o v e r  w h ich  i t  i s  e f f e c t i v e ,  i s  t h e  zone  o f  th er m a l n e u t r a l i t y ,
b .  Fur and f e a t h e r s  a s  i n s u l a t i o n .
I n s u l a t i o n  i n  a n im a ls  i s  i n  t h e  form s o f  f u r ,  f e a t h e r s ,  s u b c u t ­
a n eo u s  f a t  d e p o s i t s ,  and v a s c u l a r  h e a t  e x c h a n g e s  i n  t h e  e x t r e m i t i e s  w h ich  
a c t  t o  r e g u l a t e  t h e  r a t e  o f  t o t a l  h e a t  l o s s .  Fur and f e a t h e r s  form an  
e x t e r n a l  s u b s t a n c e  o f  p o o r  c o n d u c ta n c e  b e tw een  t h e  s k i n  s u r f a c e ,  and th e  
a i r .  The t o t a l  i n s u l a t i v e  q u a l i t y  o f  fu r  d ep en d s  upon i t s  d e p t h ,  a 
q u a l i t y  w h ich  u n d erg o es  s e a s o n a l  ch a n g es  i n  r e s p o n s e  t o  h ig h  and low  
t e m p e r a tu r e s  (Hammel, 1955; H a r t ,  1 9 5 6 ) .  I r v i n g  (1 9 6 0 )  compared th e  
f e a t h e r  t h i c k n e s s  o f  s y s t e m a t i c a l l y  r e l a t e d  a r c t i c  and t r o p i c a l  b i r d s ,  and 
found no d i f f e r e n c e  b e tw e en  t h e  tw o . He fo u n d , h o w ev er ,  t h a t  t h e  s t r u c t u r e  
o f  t h e  c o n to u r  f e a t h e r s  o f  a r c t i c  b i r d s  a l lo w e d  them t o  t r a p  more a i r  p er  
mass o f  f e a t h e r s ,  th a n  t h e  f e a t h e r  s t r u c t u r e  o f  th e  t r o p i c a l  b i r d s .
Mammals, by g row in g  lo n g e r  f u r  o r  s h e d d in g  o l d  f u r ,  v a r y  t h e i r  i n s u l a t i o n .  
T h is  v a r i a t i o n  I s  a p p a r e n t  s e a s o n a l l y  a s  w e l l  a s  c l i m a t i c a l l y  among mammals. 
F l u f f i n g  f u r  w i l l  n o t  i n c r e a s e  i t s  i n s u l a t l v e  v a l u e ,  f o r  a s  Hammel (1 9 5 5 )  
p o i n t e d  o u t ,  i n c r e a s e d  c o n v e c t i v e  l o s s e s  from f l u f f e d  f u r  r e d u c e s  t h e  
i n s u l a t l v e  v a l u e  o f  t h e  tr a p p e d  a i r .  B ir d s  on t h e  o t h e r  hand, c a n n o t  
grow lounger f e a t h e r s  w i t h o u t  i n t e r f e r i n g  w i t h  t h e i r  f l i g h t  f u n c t i o n  
( I r v i n g ,  1960)  and s o  r e l y  upon t h e  s t r u c t u r e  o f  t h e i r  f e a t h e r s  t o  p ro d u ce
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e f f e c t i v e  a i r  a p e c e s  fo r  in c r e a s e d  i n s u l a t i o n  when th e y  a r e  i n a c t i v e
( I r v i n g ,  I9 6 0 ;  '"e^hte , 1964; V eg h te  and H e r r e id ,  1965; West and H a r t ,  1 9 6 6 ) ,
H eat d i s s i p a t i o n  th ro u g h  f u r  and f e a t h e r s  i s  f a c i l i t a t e d  by s l e e k i n g  
them t o  t h e  b u o y , c r  th ro u g h  o t h e r  p h y s i o l o g i c a l  o r  b e h a v i o r a l  means 
( I r v i n g ,  I 9 6 0 ) ,  iaw sor. (1 9 5 4 )  a l s o  m e n t io n s  t h a t  under c e r t a i n  c o n d i t i o n s ,  
t h e  f e a t h e r s  o f  b i r d s  may be  im p o r ta n t  i n  p r e v e n t in g  r a p id  r a d i a t i v e  g a in s  
from t h e  e n v ir o n m e n t . T h u s , an a n i m a l ' s  f u r  o r  f e a t h e r s ,  g i v e s  i t  a f l e x ­
i b l e  s y s te m  f o r  r e g u l a t i n g  th e  f lo w  o f  h e a t  from i t s  b o d y ,
c .  The u s e  o f  th e  e x t r e m i t i e s  i n  c o n t r o l l i n g  h e a t  e x c h a n g e .
The app en dages  o f  many b i r d s  and mammals a r e  p o o r ly  i n s u l a t e d ,  and 
t h e  t i s s u e s  t h e r e  o f t e n  e x p e r i e n c e  a r a n g e  o f  te m p e r a tu r e  f l u c t u a t i o n s  
n e v e r  t o l e r a t e d  o r  e x p e r ie n c e d  by d eep  body t i s s u e s .  C laude Bernard i n  
1876 (from  I r v in g  and F r o g ,  1955) c a l l e d  a t t e n t i o n  t o  t h e  h e a t  c o n s e r v in g  
p o s s i b i l i t i e s  o f  vtüîv.=s i n v e s t i n g  a r t e r i e s  p a s s i n g  t o  t h e  s u r f a c e ,  and 
a n a t o m is t s  hs' e  s t u d i e d  t h i s  p o s s i b i l i t y  f o r  y e a r s .  B a z e t t  ^  aJL. (1 9 4 8 )  
B a s e t t  e_t a l .  (1 9 4 8 )  have d e m o n str a te d  t h e  p r e s e n c e  o f  a t e m p e r a tu r e  g r a d ­
ient. r u n n in g  d i s t a l l y  i n  t h e  la r g e  a r t e r y  and v e i n  c o n c o m ita n t  i n  t h e  
a p p en d a g es  o f  man, i n d i c a t i n g  t h e  p r e s e n c e  o f  a c o u n t e r - c u r r e n t  h e a t  e x ­
ch a n g er  m echanism . S c h o la n d e r  (1 9 5 5 )  m en t io n ed  t h e  work o f  many r e s e a r c h e r s  
who d e m o n str a te d  a r t e r l o - v e n o u s  r a t e s ,  w h ich  a c t  a s  h e a t  e x c h a n g e r s  i n  th e  
e x t r e m i t i e s  o f  many a n im a ls  and s t a t e d  t h e s e  may be  i n t e r p r e t e d  a s  b e in g  
a d a p t a t i o n s  f o r  h e a t  c o n s e r v a t i o n .  I r v i n g  and Krog (1 9 5 5 )  s t u d i e d  t h e  
o c c u r r e n c e  o f  a t e m p e r a tu r e  g r a d i e n t  a lo n g  t h e  a p p en d a g es  o f  s e v e r a l  
mammals, and a g la u c o u s - w in g e d  g u l l  (L arus  g l a u c e s c e n s )  and fo u n d , " C ool­
in g  o f  t h e  * i s s u e s  w i th in ,  t h i c k  i n s u l a t i o n  and b e f o r e  t h e y  a r e  e x p o s e d  
t o  c o ld  i n d i c a t e s  t h a t  t h e  h e a t  o f  a r t e r i a l  b lo o d  r e t u r n s  t o  th e  v e i n s
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r a t h e r  th a n  e s c a p i n g  t o  th e  a i r ’% and t h e  o c c u r r e n c e  o f  sh a rp  s k i n  tem p er ­
a t u r e  g r a d i e n t s  i n  t h e  t h i c k l y  i n s u l a t e d  p o r t i o n  o f  an  app en dage  - . i s  
good e v i d e n c e  f o r  hhsi c o n s e r v a t i o n  o f  h e a t  o f  a r t e r i a l  b lo o d  by means o f  
a v a s c u l a r  h e a t  ex  change"".
Many a u t h o r s  (B artholom ew  e ^  a l . 1953; Chat f i e  Id e ^  a l . .  1953;  
H o w ell  and B artholom ew , 1 9 6 1 a ,  1961b; I r v i n g ,  I 9 6 0 ,  1 9 6 2 ,  1964; I r v i n g  
and K rog, 1955; " r v in g  a_l. 1962; J o h a n se n ,  1961; K a h l ,  1963; S c h o la n d e r ,  
1955; S c h o la n d e r  aj^. 1 950c;  S t e e n  and S t e e n ,  1 9 6 5 a , 1965b; T h o r in g to n ,  
1966) h ave  r e c e n t l y  d e s c r i b e d  t h e  u se  o f  t h e  e x t r e m i t i e s  f o r  h e a t  c o n s e r ­
v a t i o n .  C o o l in g  t h e  e x t r e m i t i e s  t o  r e d u c e  t h e  r a t e  o f  h e a t  l o s s  from them  
can  be a c c o m p l is h e d  fcy r e d u c in g  th e  f lo w  o f  b lo o d  t o  them . T h is  i s  an  
e s p e c i a l l y  im p o r ta n t  f u n c t i o n  f o r  a n im a ls  t h a t  a r e  r e s t i n g  i n  c o ld  a i r ,  
on snow , o r  i n  i c e  w a t e r ,  f o r  i f  t h e i r  e x t r e m i t i e s  w ere  k e p t  a t  t h e  same
te m p e r a tu r e  a s  t h e i r  b o d i e s ,  th e  r a t e  o f  h e a t  l o s s  from them w ould o v e r ­
b a la n c e  t h e i r  m e t a b o l i c  h e a t  g a i n  and s e v e r e  h y p oth erm ia  would s o o n  r e s u l t .  
The u s e  o f  t h e  e x t r e m i t i e s  a s  a v e n u e s  o f  h e a t  l o s s ,  t o  p r e v e n t  o v e r h e a t i n g  
o f  t h e  a n im a l  d u r in g  a c t i v i t y  o r  s e v e r e  i n s o l a t i o n  i s  a n o th e r  f u n c t i o n  o f  
t h i s  v a s c u l a r  h ear  e x c h a n g e r  s y s te m .  By i n c r e a s i n g  t h e  b lo o d  f lo w  t o  th e  
e x t r e m i t i e s  and r a i s i n g  t h e i r  t e m p e r a tu r e  a b ove  t h a t  o f  t h e  a i r  o r  w a te r
around them , g r e a t  q u a n t i t i e s  o f  h e a t  can  be  l o s t  th ro u g h  them.
I r v i n g  e_t ^ 1 .  (1 9 5 6 )  worked w i t h  s w i n e ,  and I r v i n g  and H art (1 9 5 7 )
and Hart and I r v i c g  (1959^ worked w i t h  h a rb o r  s e a l s ,  and found i n  t h e s e  
a n im a l s ,  t h a t  c o o l i n g  o f  t h e i r  s k i n  f o r  h e a t  c o n s e r v a t i o n  i n  r e s p o n s e  t o  
c o l d ,  and warmlicg o f  t h e  s k i n  f o r  h e a t  d i s s i p a t i o n  i n  r e s p o n s e  t o  a c t i v i t y  
o r  high, am b ien t t e m p e r a t u r e s ,  g a v e  t h e s e  a n im a ls  a s  e f f e c t i v e  an i n s u l ­
a t i o n  a s  i f  t h e y  w ere  c o v e r e d  w i t h  t h i c k  i n s u l a t i n g  f u r .  The c o o l i n g
Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
2 4 .
o f  t h e  s k i n  In  t h e s e  a n im a ls  p r o d u c e s  a te m p e r a tu r e  g r a d i e n t  th ro u g h  th e  
u n d e r ly i n g  su b c u ta n e o u s  f a t ,  w h ich  l i k e  t h e  te m p e r a tu r e  g r a d i e n t s  o f  th e  
e x t r e m i t i e s  i s  t h e  r e s u l t  o f  v a s c u l a r  a d j u s tm e n ts  w h ich  a c t  a s  m o d i f ie d  
h e a t  e x c h a n g e r s .  The a b i l i t y  o f  t h e  s k i n  and f a t  o f  t h e s e  s h o r t  h a ir e d  
mammals, and th e  t i s s u e s  o f  th e  p o o r ly  i n s u l a t e d  e x t r e m i t i e s  to  v a ry  
b e tw een  a h e te r o th e r m o u s  and a horaeothermous c o n d i t i o n ,  a s  r e g u la t e d  by 
v a s c u l a r  m o d i f i c a t i o n s ,  a l l o w s  t h e s e  t i s s u e s  t o  f u n c t i o n  e f f e c t i v e l y  as  
a f l e x i b l e  form o f  i n s u l a t i o n  t o  a id  t h e  a n im a l i n  c o n s e r v in g  o r  d i s s i p a t i n g  
h e a t  ( I r v i n g  and K rog, 1955; I r v i n g ,  1 9 6 4 ) .  
d .  C h em ica l t h e r m o r e g u l a t i o n .
The h e a t - r e t a i n i n g  q u a l i t i e s  o f  an a n i m a l ' s  t o t a l  i n s u l a t i o n  
r e a c h e s  a maximum a t  t h e  low end o f  th e  zo n e  o f  th er m a l n e u t r a l i t y .
I f  t h e  a m b ien t  t e m p e r a tu r e  i s  low ered  beyond t h e  end o f  t h e  zo n e  o f  
th erm d l n e u t r a l i t y ,  h e a t  i s  l o s t  th ro u g h  th e  i n s u l a t i o n  f a s t e r  th a n  i t  
ca n  be  g a in e d  from t h e  r e s t i n g  m e t a b o l i c  r a t e ,  and t o  m a in t a in  t h e  body  
te m p e r a tu r e  h e a t  g a i n  m ust be in c r e a s e d  by e l e v a t i n g  m e t a b o l i c  h e a t  p r o ­
d u c t i o n .  Hardy (1 9 6 1 )  e x p r e s s e d  th e  e f f i c i e n c y  o f  th e  in c r e a s e d  h e a t  
p r o d u c t io n  a t  low a m b ien t  t e m p e r a tu r e s  a s  t h a t  p e r c e n t a g e  o f  th e  in c r e a s e d  
h e a t  w h ich  i s  s t o r e d  i n  t h e  b od y . E x p r e s se d  m a t h e m a t ic a l ly  t h i s  s t a t e s  
t h a t  :
S h i v e r i n g  e f f i c i e n c y  = h e a t  s t o r a g e  r a t e  X 100
( s h i v e r i n g  h e a t  p r o d u c t io n )  —
( n o n s h i v e r i n g  h e a t  p r o d u c t io n )
In  mammals, th e  f i r s t  a c t i v i t y  r e s p o n s i b l e  f o r  e l e v a t i n g  th e  m e t a b o l i c
r a t e  d u r in g  s h o r t - t e r m  e x p o s u r e  t o  c o ld  i s  s h i v e r i n g  (Hemingway, 1 9 6 3 ) .
A c t i v i t y  w i l l  a l s o  e l e v a t e  th e  m e t a b o l i c  r a t e ,  b u t b e c a u s e  o f  t h e  q u a n t i t y
o f  h e a t  l o s t  v i a  c o n v e c t i o n ,  due t o  m ovem ents , t h e  p e r c e n t a g e  s t o r e d  i s
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1«98 th a n  I f  t h e  a n im a l  w ere  s t a n d i n g  s t i l l  and s h i v e r i n g  (H ardy, 1 9 6 1 ) .  
A f t e r  lo n g - t e r m  e x p o s u r e  t o  c o l d ,  many mammals a r e  a b l e  t o  e l e v a t e  t h e i r  
m e t a b o l i c  r a t e  w i t h o u t  s h i v e r i n g ,  a  p r o tte s s  w h ich  h a s  b e e n  term ed n on -  
s h l v e r l n g  t h e r m o g e n s is  (H ardy, 1961; Hemingway, 1963; H a so ro ,  1 9 6 6 ) .
S e l l e r s  et^ a l , .  (1 9 5 4 )  e x p e r i m e n t a l l y  e s t a b l i s h e d  t h e  c o n c e p t  o f  
n o n s h i v e r i n g  t h e r m o g e n s i s , and s i n c e  t h a t  t im e  s e v e r a l  o t h e r s  ( C o t t l e  and  
C a r ls o n ,  1956; D a v i s ,  1960; D epocas e t  a l . , 1957; H art e t  a l . . 1956)  h ave  
f u r t h e r e d  and added e x p e r im e n t a l  s u p p o r t  t o  t h e  c o n c e p t .  The phenomenon  
o f  n o n s h i v e r i n g  t h e r m o g e n s is  h as  b e e n  t h e  s u b j e c t  o f  a  g r e a t  d e a l  o f  
r e s e a r c h  i n  r e c e n t  y e a r s  and i s  th o u g h t  t o  b e  under t h e  c o n t r o l  o f  a d r e n a l  
m e d u l la r y  horm on es. Edholm (1 9 6 1 )  c o n s i d e r s  t h e  c o n c e p t  o f  n o n s h iv e r in g  
th e r m o g e n s i s  a s  b e in g  on e  o f  th e  m ost im p o r ta n t  f i n d i n g s  o f  h e a t  p r o d u c t io n  
s t u d i e s  i n  y e a r s ,  e v e n  th o u g h  i t  seem s r e s t r i c t e d  t o  s m a l l ,  o r  p o o r ly  
I n s u l a t e d  mammals.
H a r t (1962%), and C h a f f e e  e t  aJL. (1 9 6 3 )  w ere  n o t  a b l e  t o  In d u ce  a 
n o n s h iv e r in g  th e r m o g e n ic  r e s p o n s e  from c o ld  a d a p te d  b i r d s  i n j e c t e d  w i t h  
n o r a d r e n a l ln .  S t e e n  and E nger ( 1 9 5 7 ) ,  W est (1962, 1 9 6 5 ) ,  l ia v e
found s h i v e r i n g  t o  b e  t h e  m ajor  s o u r c e  o f  h e a t  p r o d u c t io n  i n  w i l d  b i r d s .  
C h a f f e e  and Mayhew (1 9 6 4 )  have  l e n t  s u p p o r t  v i a  b i o c h e m i c a l  m eth ods  t o  
t h e  t h e o r y  o f  S t e e n  and E nger  (1 9 5 7 )  t h a t  s h i v e r i n g  I n  t h e  p e c t o r a l  
m u s c le s  I s  t h e  b i r d s  m ajor  m ethod o f  i n c r e a s i n g  t h e r m o g e n e s i s  I n  r e s p o n s e  
t o  c o l d .
E x p er im en ts  by W est ( 1 9 6 2 ,  1965) i n d i c a t e d  t h a t  t h e  i n t e n s i t y  o f  
s h i v e r i n g  i n  t h e  p e c t o r a l  m u s c le s  in c r e a s e d  a s  t h e  am b ien t te m p e r a tu r e  
f e l l ,  and t h a t  t h e  p a t t e r n  o f  t h i s  s h i v e r i n g  was u n a f f e c t e d  by s e a s o n ,
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o r  l e n g t h  o f  e x p o s u r e  t o  c o l d .  I t  a p p e a r s ,  t h e r e f o r e ,  t h a t  b i r d s  p r o b a b ly  
c a n n o t  e l e v a t e  t h e i r  m e t a b o l i c  r a t e  w i t h o u t  s h i v e r i n g .  West (1 9 6 5 )  c o n ­
c lu d e d  t h a t  m ost s m a l l  t e m p e r a t e ,  s u b - a r c t i c ,  and a r c t i c  b i r d s  m ust s h i v e r  
when i n a c t i v e  a t  m ost  o f  t h e  am b ien t t e m p e r a tu r e s  t h e y  e n c o u n t e r .
Freeman ( 1 9 6 6 )  fo u n d , i n  a g reem en t w i t h  R a n d a l l  (1 9 4 3 )  t h a t  t h e  
d a y - o l d  c h i c k ,  (G a l l u s  d o m e s t i c u s ) , e x h i b i t s  hom eotherm ic  c o n t r o l  a t  mod­
e r a t e  a m b ien t  te m p e r a tu r e s  (25® C t o  26® C) w i t h  l i t t l e  o r  no e v i d e n c e  o f  
s h i v e r i n g .  R a n d a l l  (1 9 4 3 )  s t a t e d  t h a t  e v e n  th o u g h  s h i v e r i n g  o c c u r e d  i n  
young c h i c k s  a f t e r  t h e  f i r s t  d a y ,  i t  was n o t  e f f e c t i v e  i n  p r e v e n t i n g  th e  
body te m p e r a tu r e  from d r o p p in g  s l i g h t l y ,  upon e x p o s u r e  t o  room te m p e r a tu r e ,  
u n t i l  t h e  s e v e n t h  d ay  and i n c a p a b le  o f  p r e v e n t i n g  h y p o th e r m ia  a t  a m b ien t  
te m p e r a tu r e s  b e lo w  20® C u n t i l  t h e  down f e a t h e r s  w ere  r e p la c e d  w i t h  th e  
a d u l t  p lu m a g e . Though Freeman (1 9 6 6 )  p o s t u l a t e d  t h e  p r e s e n c e  o f  n o n s h iv c r -  
in g  th e r m o g e n s i s  i n  t h e  d a y - o ld  f o w l ,  h e  was u n a b le  t o  p ro d u ce  t h e  non­
s h i v e r i n g  th e r m o g e n ic  r e s p o n s e  i n  them w i t h  e i t h e r  a d r e n a l i n  o r  n o r a d r e n -  
a lin  I n j e c t i o n s .  B a ld w in  and K en d e ig h  ( 1 9 3 2 ) ,  Dawson and E v a n s ,  ( 1 9 5 7 ,
1 9 6 0 ) ,  and K endeigh  ( 1 9 3 9 )  found t h a t  t h e  n e s t l i n g s  o f  a l t r i c i a l  s p e c i e s  
a r e  e s s e n t i a l l y  p o i k i l i o t h e r m i c  i n  t h e i r  r e s p o n s e  t o  low  am b ien t te m p er ­
a t u r e s  u n t i l  t h e  m u sc u la r  and n e r v o u s  m echanism s c o n t r o l l i n g  h e a t  p r o -
ihave d e v e l o p e d ,  and t h a t  t h e s e  o f t e n  d e v e lo p  b e f o r e  a n  e f f e c t i v e  
i n s u l a t l v e  plum age d o e s .  Dawson and Evans ( 1 9 5 7 ,  1 9 6 0 ) ,  K endeigh  ( 1 9 3 9 ) ,  
and Odum (1 9 4 2 )  a l s o  fou nd  i n  some a l t r i c i a l  s p e c i e s  t h a t  m u sc le  t r e m o r s  
o c c u r r e d  i n v e r s e l y  i n  r e l a t i o n  t o  f l u c t u a t i n g  a m b ien t  t e m p e r a tu r e s  a t  t h e  
same t im e  t h e i r  m e t a b o l i c  r a t e s  b e g a n  sh o w in g  a  hom eotherm ic  r e s p o n s e .  
Though no d a t a ,  s o  f a r ,  h a s  e s t a b l i s h e d  t h e  p r e s e n c e  o f  n o n s h iv e r in g
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t h e r m o g e n e s i s  i n  b i r d s ,  more s p e c i e s  need  t o  be  exam ined b e f o r e  we can sa y  
i t  d o e s  n o t  e x i s t  i n  them . The e l e v a t i o n  o f  t h e  m e t a b o l i c  r a t e  v i a  in c r e a s e d  
m u sc le  t o n e ,  s h i v e r i n g ,  o r  n o n s h iv e r in g  t h e r m o g e n e s i s  i s  term ed c h e m ic a l  
t h e r m o r e g u la t io n .
6 .  G r a p h ic a l  r e p r e s e n t a t i o n  o f  t h e r m o r e g u la t io n  a t  am b ien t temperatures 
be low t h e  body te m p e r a tu r e ,
a .  The N ew ton ian  m o d e l .
The c l a s s i c a l  method o f  r e p r e s e n t i n g  t h e  i n c r e a s e  in  m e ta b o l ism  
due t o  c h e m ic a l  t h e r m o r e g u la t io n  i s  t o  f i t  a l i n e a r  r e g r e s s i o n  t o  th e  
m e ta b o l ism  v a l u e s  a s  th e y  i n c r e a s e  a t  a s e r i e s  o f  am b ien t te m p e r a tu r e s  
b e lo w  t h e  zo n e  o f  th e r m a l  n e u t r a l i t y .  The r e g r e s s i o n  l i n e ,  i f  e x t r a p o l a t e d  
t o  z e r o  m e ta b o l is m ,  s h o u ld  c r o s s  t h e  a b s c i s s a  a t  a v a l u e  w i t h i n  t h e  a n im a l ' s  
norm al r a n g e  o f  body te m p e r a tu r e s  (H a r t ,  1957; S c h o la n d e r  e t  aJL. , 1950b;  
S t e e n ,  1958; W est ,  1 9 6 2 ) .  By t h i s  m eth od , t h a t  am b ien t t e m p e r a tu r e  w here  
p h y s i c a l  t h e r m o r e g a a l t io n  g i v e s  way t o  c h e m ic a l  t h e r m o r e g u la t io n  i s  r e p r e ­
s e n t e d  by a p o i n t  w here a h o r i z o n t a l  l i n e  r e p r e s e n t i n g  t h e  zon e  o f  th e r m a l  
n e u t r a l i t y  c r o s s e s  t h e  r e g r e s s i o n  l i n e  o f  i n c r e a s i n g  m e ta b o l ism . T h is  
p o i n t ,  known a s  t h e  lo w er  c r i t i c a l  t e m p e r a tu r e ,  r e p r e s e n t s  t h a t  p o i n t  a t  
w h ich  th e  a n im a ls  i n s u l a t i o n  h as  r e a c h e d  i t s  maximum. S c h o la n d e r  e ^  a l . 
(1 9 5 0 b )  p r o p o sed  t h i s  method o f  r e p r e s e n t a t i o n  and f i g u r e  2a i l l u s t r a t e s  
t h e s e  p r i n c i p l e s ,  w i t h  t h e  m e t a b o l i c  r a t e  b e in g  p l o t t e d  on th e  o r d i n a t e  
and t h e  am b ien t te m p e r a tu r e  b e in g  p l o t t e d  on t h e  a b s c i s s a .
The s l o p e  o f  t h e  l i n e  r e p r e s e n t i n g  t h e  i n c r e a s e  i n  m e t a b o l i c  
r a t e  i s  l e s s  s t e e p  i n  t h o s e  a n im a ls  p o s s e s s i n g  a w id e  zon e  o f  th e r m a l  
n e u t r a l i t y  th a n  in  t h o s e  w i t h  a s h o r t  zo n e  o f  th e r m a l  n e u t r a l i t y  ( K l e i b e r ,
1 9 6 1 ) .  T h is  f a c t  e . i a b l e s  us t o  e v a l u a t e  t h e  e f f i c i e n c y  o f  th e  I n s u l a t i o n
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b e tw e e n  s p e c i e s  by com paring not o n ly  th e  s l o p e  o f  th e  l i n e s  i n d i c a t i n g  
th e  m e t a b o l i c  I n c r e a s e ,  but a l s o  th e  w id th  o f  th e  zone  o f  th erm a l n e u t r a l i t y .  
A c c o r d in g  t o  S c h o la n d e r  e ^  1 9 5 0 b ) ,  th e  c r i t i c a l  te m p e r a tu r e  g r a d ie n t
( / \ T C ) , i s  th e  d i f f e r e n c e  b e tw een  th e  body te m p e r a tu r e  and t h e  am b ien t tem p­
e r a t u r e  a t  th e  low er  c r i t i c a l  t e m p e r a tu r e ,  and i s  by d e f i n i t i o n  th e  g r e a t e s t  
te m p e r a tu r e  g r a d i e n t  o v e r  w h ich  p h y s i c a l  th e r m o r e g u a I t io n  i s  e f f e c t i v e .
The t h e r e f o r e , i s  d ep en d en t  on  th e  e f f i c i e n c y  o f  t h e  t o t a l  i n s u l a t i o n ,
and t h e  v a l u e  o f  th e  t o t a l  i n s u l a t i o n  can  be c a l c u l a t e d  from th e  f o l l o w i n g  
e q u a t  io n  ;
I = A t c / e
w h ich  i s  a m o d i f i c a t i o n  o f  N ew to n 's  law o f  c o o l i n g  where I i s  th e  t o t a l  
i n s u l a t i o n ,  / \T C  i s  t h e  c r i t i c a l  th er m a l g r a d i e n t  a t  th e  low er c r i t i c a l  
t e m p e r a tu r e ,  and E i s  th e  m e t a b o l i c  r a t e .  The i n v e r s e  o f  i n s u l a t i o n  i s  
c o n d u c ta n c e  and t h e  e f f i c i e n c y  o f  an a n i m a l ' s  i n s u l a t i o n  can be d e term in ed  
by c a l c u l a t i n g  i t s  c o n d u c ta n c e  v a lu e  from t h e  f o l l o w i n g  e q u a t io n ;
C = E /A T C
where C I s  t h e  c o n d u c t a n c e ,  and E and A T C  a r e  a s  a b o v e .
S c h o la n d e r  e t  a l .  (1950b) e x p r e s s e d  c o n d u c ta n c e  as  th e  s l o p e  o f  th e  l i n e  
r e p r e s e n t i n g  th e  i n c r e a s i n g  m e t a b o l i c  r a t e  and L a s ie w s k i  (1 9 6 3 )  p r e s e n t e d  
t h i s  id e a  g r a p h i c a l l y .  T h is  method d o e s  n o t  r e q u i r e  t h e  d e t e r m in a t io n  o f  
a low er  c r i t i c a l  t e m p e r a tu r e  o r  a zo n e  o f  th e r m a l n e u t r a l i t y  f o r  i t s  r e ­
p r e s e n t a t i o n  o f  i n s u l a t i o n .  I n  much o f  t h e  l i t e r a t u r e  on s m a l l  b i r d s  and 
mammals, t h e  e f f e c t i v e n e s s  o f  t h e  i n s u l a t i o n  i s  e x p e s s e d  a s  t o t a l  i n s u l a ­
t i o n  o r  c o n d u c t a n c e .
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b . Chetnlca 1 and p h y s i c a l  a c c l i m a t i z a t i o n :
A p p ly in g  t h e  p r i n c i p l e s  o f  S c h o la n d e r * s  N ew to n ia n  m o d el,  Hart  
(1 9 5 7 )  graphed t h e  c l a s s i c a l  p i c t u r e  o f  p h y s i c a l  and c h e m ic a l  r e g u l a ­
t i o n  and t h e  ch a n g es  w h ich  a c c l i m a t i z a t i o n  can  c a u s e  i n  e i t h e r  t o  p r o ­
v i d e  an a n im a l  a means o f  s u r v i v i n g  p r o lo n g e d  e x p o s u r e  t o  c o ld  ( F ig u r e ,  
2 b ) ,  By i n c r e a s i n g  t h e  i n s u l a t i o n  t h e  low er  c r i t i c a l  t e m p e r a tu r e  i s  
lo w e r e d ,  t h e  zo n e  o f  th er m a l n e u t r a l i t y  e x t e n d e d ,  and t h e  s l o p e  o f  th e  
r e g r e s s i o n  l i n e  r e p r e s e n t i n g  c h e m ic a l  t h e r m o r e g u la t io n  l e s s e n e d  to  
a l l o w  t h e  low er  l i m i t  o f  s u r v i v a l  t o  be e x te n d e d  s e v e r a l  d e g r e e s  low er  
w it h o u t  c h a n g in g  t h e  a n im a ls  m e t a b o l i c  c a p a b i l i t i e s .  I f  th e  i n s u l a t i o n  
rem a in s  c o n s t a n t ,  t h e  e x t e n t i o n  o f  t h e  low er  l i m i t  o f  s u r v i v a l  can  o c cu r  
o n ly  th r o u g h  an e x t e n t i o n  o f  m e t a b o l i c  a b i l i t i e s ,  w h ich  means e x t e n d in g  
th e  o r i g i n a l  l i n e  o f  m e t a b o l i c  i n c r e a s e  t o  e v e n  g r e a t e r  r a t e s  t o  c o v e r  
t h e  h e a t  l o s t  a t  t h e  low er  t e m p e r a t u r e s .  T h is  m o d e l ,  l i k e  S c h o la n d e r  
ejt a_l. *s ( 1 9 5 0 b ) ,  u s e s  a s i n g l e  am b ien t te m p e r a tu r e  a s  th e  lo w er  c r i t i c a l  
t e m p e r a tu r e ,
c , W e s t ' s  m odel o f  a c c l i m a t i z a t i o n  f o r  s m a l l  b i r d s .
In  t h e i r  work w i t h  s m a l l  b i r d s ,  Dawson ( 1 9 5 8 ) ,  Dawson and T o r d o f f  
( 1 9 5 9 ) ,  and King and F a r n e r  ( 1 9 6 1 ) ,  s u g g e s t e d  t h a t  t h e  low er  c r i t i c a l  
t e m p e r a tu r e  was n o t  a  s i n g l e  w e l l - d e f i n e d  p o i n t  f o r  t h e s e  a n im a ls  a s  
d e f i n e d  by t h e  N e w to n ia n  m o d e l ,  b u t  r a t h e r  t h a t  an  i n c r e a s e  i n  c h e m ic a l  
r e g u l a t i o n  w ould  p r e c lu d e  t h e  a t t a in m e n t  o f  maximum p h y s i c a l  r e g u l a t i o n ,  
and a g r a d u a l  r a t h e r  th a n  a b r u p t  i n c r e a s e  i n  m e ta b o l is m  w ould o c c u r .  
Dawson (1 9 5 8 )  m en t io n ed  a l s o  t h a t  a g r a d u a l  r a t h e r  th a n  an a b r u p t  change  
i n  m e ta b o l ism  o c c u r e d  i n  some o f  t h e  e x a m p le s  u sed  by S c h o la n d e r  £ t  a l .
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(1 9 5 0 b )  In  t h e i r  p r o p o s a l  o f  t h e  N ew to n ia n  m o d e l ,  and s u g g e s t e d  t h a t  i n  
some s p e c i e s  o f  s m a l l  hom eotherms t h e  lo w er  c r i t i c a l  te m p e r a tu r e  i s  an a b ­
s t r a c t i o n ,  th o u g h  s t i l l  u s e f u l  from a t h e o r e t i c a l  s t a n d - p o i n t .  From th e  
d a t a  o f  s e v e r a l  w o r k e r s .  West (1 9 6 2 )  c a l c u l a t e d  t h e  I n s u l a t i o n  in d e x :
I -  Ẑ TC/E
f o r  s e v e r a l  s m a l l  b i r d s  o v e r  a r a n g e  o f  s e v e r a l  d e g r e e s  am b ien t t e m p e r a tu r e .  
He found t h e i r  t o t a l  i n s u l a t i o n  I n c r e a s e d  f o r  s e v e r a l  d e g r e e s  b e lo w  th e  
su p p o sed  zo n e  o f  th e r m a l  n e u t r a l i t y  r e a c h in g  a maximum i n  a c u r v i l i n e a r  
f a s h i o n .  He a l s o  a g r e e d  w i t h  t h e  a b ove  w o rk ers  t h a t  th e  i n c r e a s e  in  
m e t a b o l i c  r a t e  was g r a d u a l  r a t h e r  th a n  a b ru p t  i n  s m a l l  b i r d s ,  and s u g ­
g e s t e d  t h a t  no r e a l  zo n e  o f  th e r m a l  n e u t r a l i t y  o r  lo w er  c r i t i c a l  te m p e r a tu r e  
c o u ld  b e  d e s c r i b e d  f o r  t h e s e  s m a l l  a n im a l s .  From t h e s e  o b s e r v a t i o n s ,  West 
(1 9 6 2 )  c o n s t r u c t e d  a  g r a p h ic  m odel ( s e e  F i g u r e  2 c )  w h ich  d e m o n str a te d  th e  
g r a d u a l  i n c r e a s e  o f  b o t h  t h e  t o t a l  i n s u l a t i o n  and m e ta b o l i s m .  Where m eta ­
b o l i s m  a l o n e  f u n c t i o n e d ,  th e  s l o p e  o f  t h e  c u r v e  a t  t h e  low er  am b ien t temp­
e r a t u r e s  e x t r a p o l a t e d  t o  t h e  body te m p e r a tu r e  a s  i n  t h e  N ew ton ian  m o d el.
A t h ig h e r  t im p e r a t u r e s  w here i n s u l a t i v e  and m e t a b o l i c  m echanism s work t o ­
g e t h e r  th e  s l o p e  e x t r a p o l a t e d  beyond t h e  body t e m p e r a tu r e .  He c o n c lu d e d  
t h a t  a d e f i n i t e  lo w e r  c r i t i c a l  te m p e r a tu r e  and p r o lo n g e d  zone  o f  th e r m a l  
n e u t r a l i t y  p r o b a b ly  d o  n o t  e x i s t  f o r  s m a l l  w i l d  b i r d s .  S e v e r a l  s t u d i e s  
o f  s e v e r a l  o t h e r  s p e c i e s  o f  s m a l l  b i r d s  h a v e  a g r e e d  c l o s e l y  w i t h  W e s t ' s  
m odel (Dawson and T o r d o f f ,  1964; H a r t , 1962b; L a s i e w s k i  and Dawson.; 19^4: 
K in g , 1964; L a s ie w s k i  et^ a l • » 1964; V e g h t e ,  1964; V e g h te  and H e r r e id ,
1965; W est ,  1965; W est and H a r t ,  1 9 6 6 ) .  The C a l i f o r n i a  q u a i l  ( Lophorty>: 
c a l i f o r n i c u s ) « a b i r d  c o n s i d e r a b l y  l a r g e r  th a n  t h o s e  f i t t i n g  W e s t ' s  (1 9 6 2 )  
m odel d id  conform  t o  th e  b i o l o g i c a l  a p p l i c a t i o n  o f  N e w to n 's  Law o f  C o o l in g
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F ig u r e  2-rtr-dels o f  m e t a b o l i c  and I n s u l a t i v e  t h e r m o r e g u la t io n .
(a )  The N ew ton ian  m od el o f  m e t a b o l i c  and i n s u l a t i v e  th e r m o r e ­
g u l a t i o n  i l l u s t r a t i n g  g r a p h i c a l l y  t h e  zo n e  o f  th er m a l  
n e u t r a l i t y  (ZTN) where p h y s i c a l  t h e r m o r e g u la t io n  o c c u r s ;  
th e  low er  c r i t i c a l  te m p er a tu r e  (LCT) w here t h e  i n s u l a t i o n  
r e a c h e s  i t s  maximum and p h y s i c a l  r e g u l a t i o n  g i v e s  way t o  
c h e m ic a l  r e g u l a t i o n ;  and t h e  up per  c r i t i c a l  t e m p e r a tu r e  
(UCT)where t h e  a n im a l b e g in s  t o  a c t i v e l y  c o o l  v i a  e v a p o r ­
a t i v e  w a te r  l o s s .  H eat p r o d u c t io n  ^HP) i s  p l o t t e d  on  th e  
o r d i n a t e ,  and am b ien t tem p era tu re (T a °C ) i s  p l o t t e d  on  th e  
a b s c i s s a .
(b ) H a r t ' s  (1 9 5 7 )  m odel o f  m e t a b o l i c  v s .  I n s u l a t l v e  a c c l i m a t i ­
z a t i o n .  L in e  A, B r e p r e s e n t s  t h e  zon e  o f  th er m a l n e u t r a l ­
i t y ,  and l i n e  A, B, i s  th e  e x t e n t i o n  o f  t h e  zone  o f  th erm al  
n e u t r a l i t y  a s  t h e  r e s u l t  o f  i n s u l a t i v e  a c c l i m a t i z a t i o n .  L ine  
B, C r e p r e s e n t s  th e  i n c r e a s e  i n  m e ta b o l ism  above  th e  low er  
c r i t i c a l  te m p era tu re  a t  p o i n t  B. L in e  C, D r e p r e s e n t s  th e  
in c r e a s e d  m e t a b o l i c  c a p a b i l i t y  f o r  an a n im a l w h ich  has under­
gone m e t a b o l i c  a c c l i m a t i z a t i o n .  T h is  in c r e a s e d  m e t a b o l i c  
a b i l i t y  has moved t h e  low er  l e t h a l  te m p e r a tu r e  from t o  L g . 
L in e  b 1 ,  C^, r e p r e s e n t s  t h e  d e c r e a s e d  m e t a b o l i c  s l o p e  
r e q u ir e d  t o  e x te n d  th e  lo w er  l e t h a l  t e m p e r a tu r e  from t o  L2  
when i n s u l a t l v e  r a t h e r  th a n  m e t a b o l i c  a c c l i m a t i z a t i o n  o c c u r s .  
Heat p r o d u c t io n  (HP) i s  p l o t t e d  on t h e  o r d i n a t e ,  and am bient  
tem p era tu re  (TaOC) i s  p l o t t e d  on th e  a b s c i s s a .
( c )  W e st 's  (1962)  model o f  m e t a b o l i c  and i n s u l a t i v e  th er m o r eg ­
u l a t i o n .  I n  t h i s  m odel no z o n e s  o f  th e r m a l n e u t r a l i t y ,  
upper c r i t i c a l  te m p e r a tu r e ,  o r  low er  c r i t i c a l  te m p er a tu r e  
a r e  e v id e n t  and th e  m e t a b o l i c  r a t e  ( s o l i d  l i n e )  has  a 
c u r v i l i n e a r  r e l a t i o n s h i p .  In  t h i s  scheme t h e  i n s u l a t i o n  
(h eavy  dashed l i n e )  i n c r e a s e s  s l o w l y  o v e r  a w id e  r a n g e  o f  
am bient t e m p e r a tu r e s .  The s l o p e  o f  th e  l i n e  r e p r e s e n t i n g  
fln i n c r e a s e  i n  m e ta b o lism  w i t h i n  th e  i n f l u e n c e  o f  t h e  i n ­
c r e a s i n g  i n s u l a t i o n ,  d o es  n o t  e x t r a p o l a t e  t o  z e r o  m eta b o lism  
a t  a p o in t  w i t h i n  th e  ra n g e  o f  normal body te m p e r a tu r e s  bu t  
r a t h e r  t o  an u n p r e d ic te d  p o in t  above  t h e  body t e m p e r a tu r e .
That p o r t i o n  o f  t h e  l i n e  r e p r e s e n t i n g  c h e m ic a l  r e g u l a t i o n  
a lo n e  ( l i g h t  dashed l i n e ) ,  h ow ever , d o e s  e x t r a p o l a t e  t o  th e  
body te m p era tu re  a s  p r e s c r ib e d  by th e  N ew ton ian  M odel. Heat 
p r o d u c t io n  i n  % (HP%) i s  on th e  l e f t  o r d i n a t e ,  i n s u l a t l v e  
i n c r e a s e  i n  % ( M )  i s  on th e  r i g h t  o r d in a t e  an d , t h e  am bient  
tem p era tu re  (Ta®C) i s  on th e  a b s c i s s a .
R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.








Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.
33.
and showed a d i s t i n c t  zone  o f  th e r m a l  n e u t r a l i t y  and low er  c r i t i c a l  temp­
e r a t u r e  (B r u sh ,  1 9 6 5 ) .
d . The v a l i d i t y  o f  N ew to n 's  Law o f  C o o l in g  as  a p p l i e d  t o  h om eoth erm s.
The c h e m ic a l  and I n s u l a t i v e  r e g u l a t i o n  m o d els  o f  Hart (1 9 5 7 )  and 
West (1 9 6 2 )  p r e d i c t e d  t h a t  th e  s l o p e  o f  t h e  l i n e  r e p r e s e n t i n g  c h e m ic a l  
r e g u l a t i o n  a lo n e  would e x t r a p o l a t e  t o  th e  body te m p er a tu r e  in  agreem en t  
w it h  N e w to n 's  Law o f  C o o l in g .  I t  i s  i n t e r e s t i n g  t o  n o t e ,  h ow ev er , t h a t  
a g r e a t  d e a l  o f  v a r i a b i l i t y  on t h i s  p o i n t  has o c cu red  th ro u g h o u t  t h e  l i t e r ­
a t u r e  on s m a l l  b i r d s  and mammals. V a r io u s  i n v e s t i g a t o r s  w o rk in g  w i t h  
b i r d s  ( B a r o t t  and P r i n g l e ,  1946; Cade £ t  a l . .  1965; Dawson, 1954 , 1958;
H a r t ,  1962b; K e n d e ig h , 1944; M tsch , 1960; S a l t ,  1952; S t e e n ,  1958; W a llg r e n ,  
1 9 5 4 ) ,  and o t h e r s  w ork in g  w i t h  mammals (B artholom ew  and M acM illen , 1961;  
B artholom ew  e t  a l .  1964; Hart and I r v i n g ,  1959; I r v i n g  j j ,  a 1. 1956; T rvtng
and H a r t ,  1 9 5 7 ) ,  found t h a t  t h e  s l o p e  o f  t h e  l i n e  r e p r e s e n t i n g  c h e m ic a l  
r e g u l a t i o n  d id  not e x t r a p o l a t e  back to  th e  a b s c i s s a  a t  a v a lu e  w i t h i n  
t h e  norm al ra n g e  o f  body te m p er a tu r e  but r a t h e r  t o  an u n p r e d ic t e d  v a lu e .
K ing (1 9 6 4 )  b e l i e v e d  i t  f o r t u i t o u s  t h a t  h i s  r e g r e s s i o n  l i n e  f o r  th e  m e ta ­
b o l i c  i n c r e a s e  in  w h ite -c r o w n e d  sp a rro w s ( Z o n o t r ic h ia  le u c o p h r y s  g a m b e l i i ) 
e x t r a p o l a t e d  t o  body te m p e r a tu r e  and s u g g e s t e d  i t  may not have done so  
had t h e  b i r d s  been  exam ined  a t  a w id e r  ra n g e  o f  am b ien t t e m p e r a t u r e s .  Data 
from o t h e r  I n v e s t i g a t i o n s  o f  b i r d s  (B ru sh , 1965; C a ld e r ,  1964; Dawson and 
T o r d o f f ,  1 9 5 9 , and 1964; L a s i e w s k i ,  1963; L a s ie w s k i  ^  1964; L a s ie w s k i
and D aw son , 1 9 6 4 ) ,  b i r d s  and mamma I s , (S c h o la n d e r  e ^  al^. 1950b; and 
I r v i n g  1 9 5 5 ) ,  and mamma I s , (B artholom ew  al,« » 1964; Hudson, 1 9 6 4 ;
I r v i n g  a l .  1956; Krog ^  . 1955; l e l t n e r ,  1966; M acM illen , 1 9 6 5 ) ,
h o w e v e r ,  f i t  t h e  N e w to n ia n  m odel f a i r l y  w e l l  w i t h  t h e  s l o p e  o f  t h e  l i n e
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r e p r e s e n t i n g  c h e m ic a l  t h e r m o r e g u la t io n  e x t r a p o l a t i n g  back t o  w i t h i n  th e  
ra n g e  o f  norm al body te m p e r a tu r e s .  K l e i b e r  (1 9 6 1 )  f e l t  t h e  N ew ton ian  
m od el o f  h e a t  l o s s  c o u ld  n o t  r e a l l y  a p p ly  t o  hom eotherm s, b e c a u s e  N ew ton ’ s 
Law r e f e r e d  t o  th e  l o s s  o f  t e m p e r a tu r e ,  not t o  a l o s s  o f  h e a t .  K le ib e r  
(1 9 6 1 )  s t a t e d ,  '"It i s  t h e r e f o r e  u n l i k e l y  t h a t  N ew ton ’ s Law o f  C o o l in g  i s  
p r o p e r ly  a p p l i c a b l e  t o  t h e  h e a t  l o s s  o f  hom eotherm s w here t h e r e  i s  no 
d e c r e a s e  i n  te m p e r a tu r e  and t h e r e f o r e  no c o o l i n g .  The I n f l u e n c e  o f  body  
s i s e  on t h e  r a t e  o f  t e m p e r a tu r e  l o s s  ( c o o l i n g )  i s  d i f f e r e n t  from th e  i n f lu* 
ence o f  body s i z e  on t h e  r a t e  o f  h e a t  l o s s  ( w i t h o u t  c o o l i n g ) . The a p p l i c a ­
t i o n  o f  N ew ton ’ s  Law t o  t h e  h e a t  l o s s  o f  hom eotherm s w ould im p ly  t h e r e  i s  
no s u c h  d i f f e r e n c e * * .  K ing (1 9 6 4 )  was i n  g e n e r a l  a g reem en t w i t h  K l e i b e r ’s 
o p i n i o n .
e .  Therma1 c o n d u c ta n c e  and t o t a l  i n s u l a t i o n  o f  s m a l l  b i r d s  and mammals.
U s in g  th e  p r i n c i p l e  t h a t  a lo w er  c r i t i c a l  t e m p e r a tu r e  can  be e s ­
t i m a t e d ,  and e x p r e s s i n g  m axim al i n s u l a t i o n  i n  term s  o f  c o n d u c t a n c e ,  
L a s ie w s k i  (1 9 6 3 )  and L a s ie w s k i  e ^  a_l. (1 9 6 4 )  computed a graph w h ich  
showed t h a t  f o r  s m a l l  b i r d s  and mammals c o n d u c ta n c e  in c r e a s e d  i n v e r s e l y  
w it h  d e c r e a s i n g  body w e i g h t .  T h e ir  g rap h  showed t h a t  t h e  c o n d u c ta n c e  
V a lu e s  f o r  b i r d s  o f  b o th  te m p e r a te  and a r c t i c  a r e a s  a r e  lo w e r  th a n  t h o s e  
f o r  mammals o f  com p arab le  s i z e  from t h e  same a r e a .  T h is  i n d i c a t e d  t h a t  
t h e  f e a t h e r s  o f  t h e s e  s m a l l e r  b i r d s  w ere  b e t t e r  i n s u l a t o r s  th a n  t h e  fu r  
o f  t h e  s m a l l  mammals, w h ic h  a g r e e d  w i t h  t h e  c o n c e p t s  o f  V egh te  and H e r r e id  
(1 9 6 5 )  f o r  b i r d s  and Hammel ( 1 9 5 5 )  f o r  mammals. M isch  ( 1 9 6 0 ) ,  u s i n g  th e  
N ew ton ian  m o d e l ,  c a l c u l a t e d  t h e  t o t a l  i n s u l a t i o n  o f  s e v e r a l  b i r d s  from  
t h e  l i t e r a t u r e  a s  w e l l  a s  t h e  n o r t h e r n  b lu e  ja y  ( C y a n o c l t t a  c r i s t a t a  
b rom la) and from h e r  s t u d y  found s h e  c o u ld  r e l a t e ,  i n  m ost c a s e s ,  th e
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e f f e c t i v e n e s s  o f  t h e  i n s u l a t i o n  w i t h  t h e  b i r d s  y e a r l y  th erm a l c y c l e .  King  
( 1 9 6 4 ) ,  c a u t io n e d  a g a i n s t  u s in g  i n s u l a t i o n  and c o n d u c ta n c e  v a l u e s  c a l c u l ­
a t e d  from an e s t im a t e d  lo w er  c r i t i c a l  te m p e r a tu r e  f o r  i n d i c a t i n g  more th an  
p h y s i o l o g i c a l  d i f f e r e n c e s  b e tw een  a n im a ls  b e c a u s e  o f  t h e  e r r o r s  in v o lv e d  
i n  i d e n t i f y i n g  th e  lo w er  c r i t i c a l  te m p e r a tu r e .
7 .  T h e r m o r e g u la t io n  a t  am b ien t te m p e r a tu r e s  ab ove  and e q u a 1 t o  th e  body
a .  H ypotherm ia v s . h y p e r t h e r m ia .
B a ld w in  and K endeigh  (1 9 3 2 )  d e m o n str a te d  t h a t  t h e  upper l e t h a l  
body te m p e r a tu r e  was t h e  same f o r  em b r y o n ic ,  n e o n a t a l ,  j u v e n i l e ,  and a d u l t  
b i r d s ,  bu t t h a t  t h e  lo w er  l e t h a l  body te m p e r a tu r e  v a r i e d  w i t h  a g e ,  b e in g
h i g h e s t  i n  a d u l t s ;  e v e n  s o  many a d u l t  b i r d s ,  a s  w e l l  a s  n e o n a t a l  and
j u v e n i l e  b i r d s ,  w i t h s t o o d  lo w e r in g  t h e i r  body te m p e r a tu r e s  by 10°  C 
w h i l e  no a g e  group w i t h s t o o d  a r i s e  i n  body te m p e r a tu r e  o f  more th an  
4°C . T h is  d e m o n s tr a te s  n o t  o n ly  th e  p o i k i l i o t h e r m i c  n a tu r e  o f  immature  
b i r d s ,  b u t a l s o  I n d i c a t e s  t h e  narrow m arg in  w h ic h  e x i s t s  b e tw een  t h e
norm al and upper l e t h a l  body te m p e r a tu r e  i n  a d u l t  and Immature homeo­
therm s . D e s t r u c t i o n  o f  m e t a b o l i c  enzym es and o t h e r  p r o t e i n s  w i t h i n  th e  
c e l l s  o c c u r  a t  th e  up per  l e t h a l  body te m p e r a tu r e  and h en ce  h e a t  d e a t h  r e ­
s u l t s  from i r r e v e r s a b l e  c e l l u l a r  d e s t r u c t i o n .  Once an a n im a l ’ s  body tem p er­
a t u r e  b e g in s  t o  r i s e ,  th e  r a t e  o f  i t s  m e t a b o l i c  h e a t  g a in  r e a c t i o n s  i n ­
c r e a s e s  l o g a r t t h m a t l c a l l y  i n  a c c o r d a n c e  w i t h  t h e  v a n ’ t  H o ff  e f f e c t  
w h ich  e l e v a t e s  t h e  body t e m p e r a tu r e  e v e n  m ore. I f  h e a t  g a in  w ere  a l lo w e d  
t o  c o n t in u e  u n c o n t r o l l e d ,  t h e  m e t a b o l i c  r a t e  w ould c o n t in u e  t o  i n c r e a s e  
u n t i l  d é n a t u r a t io n  o f  th e  enzym.es a t  t h e  l e t h a l  body tem p er a tu r e  ca u sed
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t h e  m e t a b o l i c  r a t e  t o  f a l l  o f f  and s t o p  (B rod y , 1 9 4 5 ) .
H ypotherm ia w i t h o u t  f r e e z i n g ,  has a w id e r  r a n g e  o f  s a f e t y  and 
d o e s  n o t  d e s t r o y  c e l l s .  Rapid rew arm ing o f  an a n im a l whose body tem p era­
t u r e  h a s  b e e n  low ered  s e v e r a l  d e g r e e s  w i l l  o f t e n  r e s t o r e  i t  t o  norm al w i t h  
no i l l  e f f e c t s  (B u r to n  and Edholm, 1 9 5 5 ) .  K reyb erg  (1 9 4 9 )  c o n s id e r e d  t h a t  
low  body t e m p e r a t u r e s ,  w h e th er  accom panied  by f r e e z i n g  o r  n o t ,  p r o b a b ly  do 
some t i s s u e  damage th o u g h  he d o e s  n o t  c o n s i d e r  t h e  damage i r r e v e r s a b l e  and 
l e t h a l  a s  i n  h e a t  c o a g u l a t i o n .  D eath  from h yp oth erm ia  i n  homeotherms  
p r o b a b ly  r e s u l t s  from c i r c u l a t o r y  f a i l u r e  and ch a n g es  i n  t h e  n erv o u s  t i s s u e  
from a n o x i a .  I n d i f f e r e n t  and s tu b b o r n  hom eotherm s, can  low er  t h e i r  body  
te m p e r a tu r e s  t o  l e v e l s  t h a t  w ould be  f a t a l  t o  o b l i g a t e  hom eotherm s, a l ­
th ou gh  many o f  t h e  form er a l s o  h ave  l i m i t s  b e lo w  w h ich  t h e i r  body tem p er ­
a t u r e s  c a n n o t  b e  s a f e l y  lo w ered  ( K l e i b e r ,  1 9 6 1 ) .
b . R e g u la t in g  t h e  body te m p e r a tu r e  a t  h ig h  am b ien t t e m p e r a t u r e s .
An a n im a le s  a c t i v i t y  i s  more r e s t r i c t e d ,  and h i s  th er m a l b o u n d a r ie s  
more d e f i n e d  and l i m i t e d  a t  h ig h  e n v ir o n m e n t a l  am b ien t te m p e r a tu r e s  th an  
a t  low o n e s .  Most o f  t h e  r e v ie w s  on t h e r m o r e g u la t io n  m en tio n ed  e a r l i e r  
d i s c u s s  p rob lem s o f  c o n t r o l l i n g  t h e  body te m p e r a tu r e  a t  h ig h  am b ien t temp­
e r a t u r e s ,  b u t fo u r  r e v ie w s  i n  p a r t i c u l a r  (Dawson and S c h m id t - N i e l s o n ,  1964;  
Hudson, 1962; Hudson and B arth o lom ew , 1964; K ing and F a r n e r ,  1964) d e a l  
w it h  th e  th e r m o r e g u la to r y  p rob lem s o f  homeotherms l i v i n g  i n  h ot e n v ir o n m e n ts .
( 1 )  P a s s i v e  h e a t  l o s s .
As lo n g  a s  t h e  am b ien t te m p e r a tu r e  rem a in s  b e lo w  t h e  body tem p éra ­
t u r e ,  c o n v e c t i o n ,  and r a d i a t i o n  can  be u sed  by t h e  a n im a l a s  a v e n u e s  to  
d i s s i p a t e  b e a t ,  b u t when t h e  am b ien t te m p e r a tu r e  i s  g r e a t e r  th a n  th e  body  
tem p er a tu r e  t h e  a n im a l  g a i n s  h e a t  from h i s  en v ir o n m e n t  th ro u g h  t h e s e
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form er a v e n u e s  o f  h e a t  l o s s .  Heat l o s s  v i a  c o n d u c t io n ,  c o n v e c t io n  and 
r a d i a t i o n  i s  a id e d  o r  r e s t r i c t e d  by v a s o d i l a t i o n  o r  v a s o c o n s t r i c t i o n ,  and 
so  can  be c o n t r o l l e d  t o  some e x t e n t  by ch a n g es  i n  t h e  t o t a l  i n s u l a t i o n ,  
and h en ce  i s  t h e r m o r e g u la to r y  i n  n a t u r e .
(2 )  E v a p o r a t iv e  h e a t  l o s s .
The o n ly  o t h e r  known m ethod f o r  l o s i n g  h e a t  i s  by t h e  e v a p o r a t io n  
o f  w a te r  from m o is t  body s u r f a c e s .  Many homeotherms s w e a t ,  th u s  p r o d u c in g  
on t h e i r  body s u r f a c e  a w et a r ea  f o r  e v a p o r a t i o n .  Some o t h e r  homeotherms  
u n a b le  t o  s w e a t ,  c r e a t e  a  w et s u r f a c e  f o r  e v a p o r a t io n  by d r o o l i n g  c o p io u s  
q u a n t i t i e s  o f  s a l i v a  o n to  t h e i r  body s u r f a c e ,  and s t i l l  o t h e r s ,  in c a p a b le  
o f  s w e a t in g  o r  d r o o l i n g ,  e v a p o r a t e  w a te r  from t h e i r  r e s p i r a t o r y  s u r f a c e s .
B i r d s ,  b e c a u s e  th e y  la c k  sw ea t  g la n d s  and do not d r o o l ,  e v a p o r a te  
w a te r  f o r  c o o l i n g  from t h e i r  r e s p i r a t o r y  s u r f a c e s  by p a n t in g  (B a ld w in  and 
K en d e ig h , 1932; K ing and F a r n e r ,  1961; S a l t  and Z eu th en , 1 9 6 0 ) .  F a n t in p ,  
h ow ever , r e q u i r e s  a l a r g e  e x p e n d i t u r e  o f  e n e r g y ,  w h ich  r e d u c e s  i t s  e f f i ­
c i e n c y  f o r  c o o l i n g ,  a s  t h e  m e t a b o l i c  r a t e  and body te m p er a tu r e  o f t e n  b e ­
came e l e v a t e d  a s  a r e s u l t  o f  t h e  a n im a le s  e f f o r t s .  S p e c i e s  from s e v e r a l  
o r d e r s  o f  b i r d s ,  h o w e v e r ,  su p p lem en t  p a n t in g  w i t h  a r e s o n a n t  p r o c e s s  known 
a s  g u la r  f l u t t e r i n g .  By g a p in g  t h e i r  m ouths and f l u t t e r i n g  t h e i r  h i g h ly  
v a s c u l a r i z e d ,  m o is t  g u l a r  a r e a ,  t h e s e  s p e c i e s  can  e v a p o r a te  l a r g e  q u a n t i ­
t i e s  o f  w a te r  w i t h  l i t t l e  e x p e n d i t u r e  o f  e n e r g y ,  and so  m a in ta in  t h e i r  
body te m p e r a tu r e s  f o r  h o u rs  a t  am b ien t t e m p e r a tu r e s  a s  h ig h  a s  47°C w i t h ­
o u t  i n c r e a s i n g  t h e i r  m e t a b o l i c  r a t e .  The m echanism  o f  g u la r  f l u t t e r i n g  
has b een  r e p o r t e d  i n  p e l i c a n s  and h e r o n s  (B artholom ew  and Dawson, 1 9 5 4 a ) ,  
d o v e s  (B artholom ew  and Dawson, 1954b, b o o b ie s  (H o w e ll  and B artho lom ew ,
1 9 6 2 ) ,  c a p r im u lg ld s  (C ow les  and Dawson, 1951; B artholom ew  e t  a l . ,  1962;
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L a s ie w s k i  and Dawson, 1964; L a s ie w s k i  and B artho lom ew , 1 9 6 6 ) ,  and has  
b een  o b s e r v e d  i n  c o r m o r a n ts ,  o w l s ,  and r o a d r u n n e r s . E v a p o r a t iv e  c o o l i n g  
i s  a p h y s i o l o g i c a l l y  a c t i v e  p r o c e s s ,  i n i t i a t e d  a t  th e  upper c r i t i c a l  temp­
e r a t u r e  ( F ig u r e  2 a ) .
( 3 )  The u s e  o f  h y p er th er m ia  i n  a i d i n g  h e a t  l o s s .
As t h e  am b ien t te m p e r a tu r e  a p p ro a c h e s  t h e  body te m p e r a tu r e  h e a t  l o s s  
v i a  c o n d u t io n ,  c o n v e c t i o n ,  and r a d i a t i o n  becom es l i m i t e d  due t o  t h e  d e c r e a s e d  
th er m a l g r a d i e n t ,  bu t by s t o r i n g  h e a t  and c o n t r o l l i n g  i t s  body te m p er a tu r e  
a t  a new and h ig h e r  l e v e l ,  t h e  a n im a l r e s t o r e s  t h e  c r i t i c a l  th e r m a l g ra d ­
i e n t  t o  a l e v e l  w h ich  a l l o w s  p a s s i v e  h e a t  l o s s  t o  be  e f f e c t i v e .  I f  th e  
a m b ien t te m p e r a tu r e  c o n t i n u e s  t o  r i s e ,  o r  t h e  a n im a l becom es a c t i v e  t o  th e  
p o i n t  o f  o v e r h e a t i n g ,  p a s s i v e  h e a t  l o s s  m ust b e  augumented w i t h  e v a p o r a t i v e  
c o o l i n g .  B ec a u se  a i r  ca n  c a r r y  more w a te r  v a p o r  a s  i t  warms, t h e  h y p e r ­
th e r m ic  c o n d i t i o n  o f  th e  a n im a l a i d s  t h e  p r o c e s s  o f  e v a p o r a t i v e  c o o l i n g ,  
m aking i t  q u i t e  e f f e c t i v e  a t  h ig h  t e m p e r a t u r e s .  Once t h e  body te m p er a tu r e  
h as  r ea c h e d  t h e  upper l i m i t  o f  s a f e t y ,  a c t i v e  c o o l i n g  becom es more im p o r t ­
a n t ,  and f i n a l l y  i f  t h e  a m b ien t  te m p e r a tu r e  e x c e e d s  t h e  body te m p er a tu r e  
e v a p o r a t i v e  c o o l i n g  i s  t h e  o n l y  means by w h ich  body h e a t  can  b e  l o s t .  
H y p erth erm ia , t h e r e f o r e ,  i s  im p o r ta n t  i n  a i d i n g  b o t h  p a s s i v e  and a c t i v e  
h e a t  l o s s ,  th ou gh  i t  i s  by i t s  v e r y  n a t u r e  s e I f - l i m i t i n g  (K ing and F a r n e r ,  
1 9 6 4 ) ,  Though body te m p e r a tu r e  i n  b i r d s  i s  n o t  a d a p te d  t o  c l i m a t e  (B a ld w in  
and K en d e ig h , 1932; I r v i n g  and K rog, 1954; Wetmore, 1 9 2 1 ) ,  th e y  have  e x ­
p l o i t e d  t h e i r  h ig h  body t e m p e r a tu r e s  and t h e i r  a b i l i t y  t o  t o l e r a t e  p e r io d s  
o f  h y p e r th e r m ia ,  t o  a i d  p h y s i c a l  and a c t i v e  c o o l i n g ,  a s  a p r e a d a p t a t io n  
f o r  in v a d in g  b o th  h o t^ d ry  and h o t—humid c l i m a t e s .
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(4 )  The e f f e c t i v e n e s s  o f  e v a p o r a t i v e  c o o l i n g  In b i r d s .
S e v e r a l  r e s e a r c h e r s ,  (B artholom ew  and Dawson, 1953; B e n e d ic t  and 
L e e ,  1937; B ru sh , 1965; Dawson and S c h m id t - N i e l s e n ,  1964; Hudson and B ru sh ,
1964; K a y s e r ,  1 9 30 , from L a s i e w s k i ,  1964; W a l lg r e n ,  1954) u s in g  open  f lo w
m e ta b o l ism  a p p a r a t u s e s ,  t e s t e d  t h e  e f f e c t i v e n e s s  o f  p a n t in g  f o r  e v a p o r a t i v e  
c o o l i n g  In  s m a l l  b i r d s  and c o n c lu d e d  t h e y  w ere  c a p a b le  o f  l o s i n g  o n ly  a b o u t  
1 /2  o f  t h e i r  m e t a b o l i c  h e a t  p r o d u c t io n  v i a  t h i s  a v e n u e .  S e v e r a l  o t h e r  s p e c i e s ,  
how ev er ,  when t e s t e d  In  t h i s  same ty p e  o f  a p p a r a tu s  w ere  a b l e  t o  l o s e  a l l  
o f  t h e i r  m e t a b o l i c  h e a t  (B artholom ew  eC £ l .  1962; Cade ejt a%. 1965; C a ld e r ,
1964; C a ld e r  and K in g , 1963; C a ld e r  and S c h m id t - N l e l s e n ,  1966; L a s ie w s k i  
and Dawson, 1964; L a s ie w s k i  and B artholom ew , 1966; L a s ie w s k i  e t  a l ,  1 9 6 6 ) .r r 9 w , 1 . , eaaeaairs
L a s ie w s k i  ejt £ l  . (1 9 6 6 )  In  a s e r i e s  o f  e x p e r im e n ts  on e v a p o r a t i v e  w a te r
l o s s  i n  b i r d s ,  found t h a t  t h e  e f f e c t i v e n e s s  o f  e v a p o r a t i v e  c o o l i n g  i n  open  
f lo w  s y s te m s  d ep en d s  t o  a l a r g e  e x t e n t  upon t h e  r e l a t i v e  h u m id ity  in  th e  
an im al cham ber, and t h a t  t h e  r e l a t i v e  h u m id ity  In  tu r n  d epend s upon th e  
r a t e  o f  f lo w  o f  I n i t i a l l y  d ry  a i r  i n t o  t h e  chamber.
The e x t e n t  o f  e v a p o r a t i v e  c o o l i n g  i s  d i r e c t l y  r e l a t e d  t o  t h e  d i f f ­
e r e n c e  i n  w a te r  v a p o r  p r e s s u r e  b e tw e en  t h e  a i r  and t h e  e v a p o r a t in g  s u r f a c e  
(B u rton  and Edholm, 1955; K in g  and F a r n e r ,  1964; L a s ie w s k i  e t  a ^ . . 1 9 6 6 ) .
In  b ir d s  t h e  w a te r  v a p o r  p r e s s u r e  a t  th e  e v a p o r a t i v e  s u r f a c e s  (mucosa o f  
th e  b u c a l  c a v i t y ,  t r a c h e a ,  pu lm onary s y s t e m ,  and a i r  s a c s )  a p p r o x im a te s  
t h a t  o f  w a te r  a t  t h e  c o r e  t e m p e r a t u r e ,  and i s  t h e r e f o r e  q u i t e  c o n s t a n t .
The w a te r  v a p o r  p r e s s u r e  o f  t h e  a i r ,  w h ic h  d ep en d s  upon th e  r e l a t i v e  
h u m id ity  and a i r  t e m p e r a t u r e ,  i s  v a r i a b l e  (K ing  and E a r n e r ,  1 9 6 4 ) .  T h e r e ­
f o r e ,  th e  h ig h e r  th e  r e l a t i v e  h u m id i ty  o f  th e  o u t s i d e  a i r ,  th e  s m a l l e r  
th e  d i f f e r e n c e  i n  w a te r  v a p o r  p r e s s u r e  b eco m es , w h ich  r e s t r i c t s  t h e  l o s s
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o f  v a p o r  from th e  e v a p o r a t i v e  s u r f a c e .  H ence, t h e  e f f i c i e n c y  o f  th e  
e v a p o r a t i v e  c o o l i n g  becom es l i m i t e d .  In  v ie w  o f  t h e s e  f a c t s ,  L a s ie w s k i  
e t  a l . (1 9 6 6 )  f e l t  th e  upper l e t h a l  am b ien t te m p e r a tu r e s  o f  b i r d s  o b ­
t a in e d  In  open  f lo w  s y s te m s  s h o u ld  b e  r e c h e c k e d  i n  l i g h t  o f  t h e  r e l a t i v e  
h u m id ity  i n  t h e  cham ber. T h e se  a u t h o r s  a l s o  b e l i e v e  a l l  b i r d s  must be  
a b l e  t o  d i s s i p a t e  a l l  t h e i r  m e t a b o l i c  h e a t  v i a  e v a p o r a t io n  a t  h ig h  am b ien t  
te m p e r a tu r e s  i f  t h e  r e l a t i v e  h u m id ity  i s  low .
C. The S tan d ard  o r  M inim al B e s t i n g  M etabo l i c  P a t e , and i t s  R e l a t i o n  
to_ th e  E n v ir o n m e n t .
1. The s ta n d a r d  o r  m in im al r e s t i n g  m e t a b o l i s m ,
a .  The m e t a b o l i c  r a t e ,  we i g h t  r e l a t i o n s h i p  o f  mammals.
R ubner, (1 8 8 3 ,  from K l e i b e r ,  1961) dedu ced  from h i s  e x p e r im e n ts  
w it h  d o g s  and o t h e r  hom eotherms t h a t  a f a s t i n g  homeotherm would p rodu ce  
d a i l y  when a t  r e s t  1 ,0 0 0  K ca l o f  h e a t  p e r  sq u a r e  m e te r  o f  body s u r f a c e .
T h is  id e a  became a c c e p t e d  a s  Rubner®s S u r f a c e  A rea Law o f  th e  m e t a b o l i c  
r a t e .  B e n e d ic t  (1 9 3 8 )  d ou b ted  t h e  v a l i d i t y  o f  th e  S u r f a c e  Area Law b e c a u s e  
o f  th e  la r g e  amount o f  c o n t r a d i c t o r y  d a t a ,  and s e t  o u t  t o  f in d  e m p i r i c a l l y  
a more a c c u r a t e  method o f  e x p r e s s i n g  t h e  s ta n d a r d  m e ta b o l ism . He s t a n d a r d ­
iz e d  c o n d i t i o n s  under w h ic h  t h e  m e t a b o l i c  r a t e  c o u ld  be  c o n s id e r e d  m in im aIj  
a  s e t  o f  c o n d i t i o n s  c l o s e l y  f o l l o w e d  e v e n  t o d a y î ( 1 )  t h e  a n im a l must be  
in  a n a t u r a l  p o s t u r e  and a t  c o m p le te  r e s t ,  ( 2 )  he must be  i n  a p o s t  
a b s o r p t iv e  s t a t e ,  (3 )  t h e  am b ien t te m p e r a tu r e  a t  t h e  t im e  o f  m easurem ent  
must be w i t b i n  th e  a n i m a l ' s  ron e  o f  th e r m a l  n e u t r a l i t y ,  (4 )  th e  a n im a l  
îihouîd not have b e e n  a c c l i m a t e d  p r i o r  to  th e  t e s t s ,  ( 5 )  no e m o t io n a l  
s t r e s s  s h o u ld  be p r e s e n t ,  ( 6 )  t h e  a n im a l  s h o u ld  b e  i n  a s t a t e  o f
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s e x u a l  r e p o s e ,  (7 )  t h e  n i t r i t l v e  c o n d i t i o n  o f  th e  a n im a l sh o u ld  be good ,  
and ( 8 )  t h e  a n im a l sh o u ld  be  a prim e m ature a d u l t .  M e e t in g  t h e s e  c o n ­
d i t i o n s  i n  h i s  own m easurem ents  o f  s ta n d a r d  m e ta b o l is m ,  and u s in g  d a ta  
from o t h e r  w o rk ers  who had f o l l o w e d  t h e s e  c o n d i t i o n s ,  he accu m u la ted  
d a t a  f o r  a n im a ls  v a r y in g  i n  s i z e  from a  mouse t o  an  e l e p h a n t .  He fo u n d ,  
when t h e  l o g  o f  t h e  t o t a l  r e s t i n g  h e a t  p r o d u c t io n  o f  an a n im a l ( K c a l /2 4  h r s , )  
i s  p l o t t e d  a g a i n s t  t h e  lo g  o f  t h e  t o t a l  w e ig h t  (Kg) and compared t o  s i m i l a r  
p l o t s  o f  a n im a ls  o f  d i f f e r e n t  w e ig h t s  and s p e c i e s ,  a l i n e a r  i n c r e a s e  in  
h e a t  p r o d u c t io n  o c c u r r e d  w i t h  i n c r e a s i n g  w e i g h t .  He f u r t h e r  exam ined h i s  
c o l l e c t e d  d a t a  f o r  a g reem en t w i t h  t h e  S u r f a c e  Area Law and c o n c lu d e d  t h a t  
m e t a b o l i c  h e a t  p r o d u c t io n  was n o t  r e g u a l t e d  by th e  amount o f  s u r f a c e  a rea  
a b a l l a b l e  f o r  h e a t  l o s s ,  b u t  r a t h e r  t h a t  h e a t  l o s s  m ust be  r e g u l a t e d  by 
t h e  amount o f  h e a t  p r o d u ce d ,  S c h o la n d e r  (1 9 5 5 )  d i s c u s s e d  c l i m a t i c  a d a p t ­
a t i o n s  o f  hom eotherm s and e x p r e s s e d  t h i s  same o p i n i o n  and s t a t e d  " th e  
n o n a d a p t a b i l i t y  o f  t h e  r e s t i n g  r a t e  shows t h a t  h e a t  p r o d u c t io n  i s  not  
d e term in ed  by h e a t  l o s s ,  a s  on e  m ig h t  i n f e r  from th e  S u r f a c e  Iqw o f  
Fu b n er , b u t  v i s a  v e r s a .  W hatever  t h e  s u r f a c e  a r e a  happens t o  b e ,  th e  h e a t  
l o s s  from i t  must be s o  r e g u l a t e d  by v a r i o u s  means t h a t  i t  b la n a c e s  h e a t  
p r o d u c t io n .  In  a homeotherm o n e  m ig h t  s a y  t h e  body te m p e r a tu r e  p l a y s  
f i r s t  v i o l i n ,  m e t a b o l i c  r a t e  t h e  s e c o n d ,  and h e a t  l o s s  t h e  t h i r d .  The 
S u r fa c e  a r e a  i s  b u t  on e  o f  t h e  s e v e r a l  f a c t o r s  w h ich  d e te r m in e  heat, loss'"", 
K l e i b e r  (1 9 6 1 )  p o in t e d  o u t  t h a t  t h e  r e g r e s s i o n  e q u a t io n  d e s c r i b i n g  
th e  lo g = l o g  p l o t  o f  t h e  m e ta b o l is m  t o  w e ig h t  r e l a t i o n s h i p  o f  B e n e d i c t ’ s  
(1 9 3 8 )  mouse t o  e l e p h a n t  c u r v e ,  i s  v e r y  s i m i l a r  t o  a c u r v e  prod u ced  by 
him i n  19.32 f o r  a n im a ls  v a r y i n g  i n  s i z e  from a d o v e  t o  a s t e e r ,  and a 
l a t e r  c u r v e  i n  1947 w h ic h  in c lu d e d  d a t a  f o r  a n im a ls  r a n g in g  i n  s i z e
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from a mouse t o  a w h a le .  To a l l  i n s t a n c e s  t h e  s l o p e  o f  t h e  l i n e  d e m o n str a te d  
an e x p o t e n t i a l  r e l a t i o n s h i p  b e tw een  s ta n d a r d  m e ta b o l ism  and body w e ig h t  
Such t h a t :
lo g  MR = l o g  a+b l o g  W 
w here MR i s  t h e  m e t a b o l i c  r a t e  i n  K c a l /2 4  h r ,  W i s  t h e  w e ig h t  i n  Kg, and
a ( t h e  y i n t e r c e p t )  and b ( t h e  s l o p e )  a r e  e m p i r i c a l l y  d e r iv e d  c o n s t a n t s .
B eca u se  o f  th e  d i r e c t  r e l a t i o n s h i p  d e m o n str a te d  on  t h e  l o g - l o g  p l o t ,  th e  
e q u a t io n  ca n  a l s o  b e  e x p r e s s e d  a s s
MR » a
w i t h  t h e  sy m b o ls  t h e  same a s  a b o v e .  K l e i b e r  (1 9 6 1 )  c o n c lu d e d  e m p i r i c a l l y ,
t h a t  t h e  e q u a t io n  f o r  mammals s h o u ld  rea d s
l o g  MR = l o g  69 + 0 .7 5 6  lo g  W 
t h a t  I s  " fo r  a l l  p r a c t i c a l  p u r p o s e s  one may assum e t h a t  t h e  mean s ta n d a rd  
m e t a b o l i c  r a t e  o f  mammals i s  s e v e n t y  t im e s  t h e  3 / 4  power o f  t h e i r  body 
w e ig h t  ( i n  Kg) p e r  d a y ,  o r  a b o u t  3 / 4  power o f  t h e i r  body w e ig h t  (Kg) p er  
h ou r" .
b .  The m e t a b o l i c  r a t e , w e ig h t  r e l a t i o n s h i p  o f  b i r d s .
Though t h e  v a l i d i t y  o f  K l e i b e r ' s  (1 9 6 1 )  e q u a t io n  i s  e m p i r i c a l l y  
sound f o r  mammals, some q u e s t i o n  a s  t o  w h e th e r  i t  i s  v a l i d  to  e x p r e s s  th e  
m e t a b o l i c  r a t e - w e i g h t  r e l a t i o n s h i p  f o r  b i r d s  a s  a 3 / 4  power o f  t h e i r  w e ig h t  
has a r i s e n .
( 1 )  The Brody â nĵ  Pr o c t o r  e q u a t i o n s
Brody and P r o c t o r  ( 1 9 3 2 ,  from l a s i e w s k i  and Dawson, 1967) exam ined  
t h e  d a ta  f o r  b i r d s  and o f f e r e d  t h e  f o l l o w i n g  e q u a t io n  t o  d e s c r i b e  t h e i r  
r e l a t i o n s h i p s
lo g  MR “  l o g  89 +  0 . 6 4  l o g  W 
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In their equation, the resting metabolism increases with an increase in 
weight at a different rate than it dees for mammals, and is expressed by
an exponent of 0.64 rather than 0.756.
( 2 ) The Kir.g and Earner équation.
King and Earner (1 9 6 1 )  c o u ld  n o t  c o n c e p t u a l i z e  on  t h e o r e t i c a l  grounds  
why one hom eotherm ic  c l a s s  s h o u ld  have a d i f f e r e n t  m e t a b o l i c  r a t e - w e l g h t  
r e l a t i o n s h i p  than  a n o t h e r .  On t h i s  a s su m p t io n  th e y  r e -ex a m in e d  th e  r e c e n t  
d a t a ,  a s  w e l l  a s  t h a t  o f  Brody and P r o c t e r ,  and c o n c lu d e d  t h e  d i f f e r e n c e  
la y  i n  t h e  f a c t  t h a t  t h e  l a r g e  b i r d s  used  by Brody and P r o c t o r  had been  
m easured a t  n i g h t ,  w h i l e  t h e  s m a l l  o n e s  had b e e n  m easured d u r in g  th e  day .  
A ssum ing a d i u r n a l  v a r i a t i o n  i n  s ta n d a r d  m e t a b o l i c  r a t e  a s  b e in g  th e  f a c t o r  
c a u s in g  t h e  d i f f e r e n c e  i n  t h e  B r o d y -P r o c to r  e q u a t i o n ,  th e y  e l i m i n a t e d  th e  
d a ta  f o r  s m a l l  b i r d s ,  and a r r i v e d  a t  t h e  f o l l o w i n g  e q u a t io n ;
l o g  MR = l o g  7 4 .3  +  0 . 7 4 4  lo g  W 
w h ich  i s  v e r y  c l o s e  t o  t h e  e q u a t io n  g iv e n  f o r  mammals by K l e i b e r ,  They
th e n  combined t h e  d a ta  f o r  a l l  b i r d s ,  l a r g e  and s m a l l  a l i k e ,  and produced
t h i s  e q u a t io n ;
lo g  MR = lo g  8 0 . 1  +  0 .6 5 9  lo g  W 
w h ich  i s  v e r y  s i m i l a r  t o  t h e  B r o d y -P r o c to r  e q u a t i o n .  They c o n c lu d e d ,  
how ever , t h a t  t h e i r  f i r s t  e q u a t i o n  was a more v a l i d  t h e o r e t i c a l  e x p r e s s i o n  
o f  th e  m e t a b o l i c  r a t e - w e i g h t  r e l a t i o n s h i p  f o r  b i r d s  b e c a u s e  i t  a g r ee d  
w it h  th e  r e l a t i o n s h i p  f o r  mammals. They a l s o  assum ed t h a t  th e  c o l l e c t i o n  
o f  more d a t a  on s m a l l  b i r d s  w ould  g i v e  t h e  l i n e  a c u r v i l i n e a r  q u a l i t y  at 
th e  low er  w e i g h t s .
(3 )  The l a s i e v s k T  and Davsori e q u a t i o n .
l a s i e w s k i  (1 9 6 3 )  found t h a t  t h e  K ln g -P a r n e r  e q u a t io n  fo r  la r g e  b ird<  
eame c l o s e r  to  e x p r e s s i n g  th e  m e ta b o l is m  o f  h i s  hummingbirds th an  th e  
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B r o d y -P r o c to r  e q u a t i o n .  In  th e  same p ap er  he a g r e e d  w i t h  a s u g g e s t i o n  by 
Dawson t h a t  t h e  K ln g -F a r n e r  e q u a t io n  f o r  l a r g e  b i r d s  may r e p r e s e n t  th e  m e ta ­
b o l i s m  o f  n o n - p a s s e r i n e s j  w h i l e  th e  B r o d y -P r o c to r  e q u a t i o n ,  b e c a u se  i t  in c lu d e d  
b o t h  p a s s e r i n e s  and n o n p a s s e r i n e s ,  may come c l o s e r  t o  r e p r e s e n t i n g  th e  
m e ta b o l ism  o f  p a s s e r i n e s .  L a s ie w s k i  and Dawson (1 9 6 7 )  a g r e e d  w i t h  King and 
E a r n e r ' s  o p i n i o n  t h a t  t h e r e  s h o u ld  be no d i f f e r e n c e  i n  th e  m e t a b o l i c  r a t e -  
w e ig h t  r e l a t i o n s h i p  i n  t h e  hom eotherm tc c l a s s e s ,  and r e -e x a m in e d  a l l  t h e  d a t a  
a v a i l a b l e  f o r  b i r d s ,  on  th e  b a s i s  t h a t  p a s s e r i n e s  a s  a group s h o u ld  show th e  
same w e ig h t  r e g r e s s i o n  c o e f f i c i e n t  a s  n o n p a s s e r in e s  o f  com parab le  s i z e .  In  
t h e i r  r e v i e w  o f  a v ia n  m e ta b o l ism  t h e y  c o n c lu d e d  t h e r e  was no d i u r n a l  v a r i a ­
t i o n  i n  r e s t i n g  m e t a b o l i c  r a t e  among b ir d s  and s o  clumped d a t a  c o l l e c t e d  a t  
n ig h t  w i t h  d a t a  c o l l e c t e d  d u r in g  t h e  day f o r  e a c h  g r o u p . T h e ir  f i r s t  e q u a ­
t i o n  r e p r e s e n t s  a l l  t h e  d a t a  a v a i l a b l e  f o r  p a s s e r i n e s :
l o g  MR = l o g  129 +  0 .7 2 4  lo g  W 
t h e  se c o n d  r e p r e s e n t s  th e  d a t a  a v a i l a b l e  f o r  n o n p a s s e r in e s  v a r y in g  i n  s i z e  
from hum m ingbirds t o  o s t r i c h e s :
l o g  MR = lo g  7 8 .3  + 0 .7 2 3  lo g  W
and t h e i r  t h i r d  com bin es  a l l  t h e  d a t a  f o r  b o t h  p a s s e r i n e s  and n o n p a s s e r in e s ;
lo g  MR -  l o g  8 6 .4  + 0 .6 6 8  lo g  W
T h e ir  r e s u l t s  d e m o n s tr a te  t h a t  t h e  w e ig h t  r e g r e s s i o n  c o e f f i c i e n t  i s
e s s e n t i a l l y  i d e n t i c a l  i n  b o t h  p a s s e r i n e s  and n o n p a s s e r i n e s ,  but t h a t  p a s s e r i n e s  
o p e r a t e  a t  a h ig h e r  l e v e l  o f  m e ta b o l ism  th a n  n o n p a s s e r in e s  o f  com p arab le  s i f f .  
T h e ir  e q u a t io n  r e p r e s e n t i n g  a l l  b i r d s  i s  v e r y  s i m i l a r  i n  b o th  s l o p e  (b )  and v 
I n t e r c e p t  ( a )  t o  th e  B r o d y -P r o c to r  e q u a t i o n ,  b u t th e y  c o n s id e r  t h i s  an 
a r t i f a c t  o f  co m b in in g  p a s s e r i n e  and n o n p a s s e r in e  b i r d s .  They f e e l  t h a t  îh.' 
r e a l  s i g n i f i c a n c e  o f  t h e i r  s tu d y  l i e s  i n  t h e  ag reem en t o f  t h e  b - v a l u e s  for'
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t h e  two g rou p s  o f  b i r d s  when c o n s id e r e d  s e p a r a t e l y ,  and t h a t  t h i s  p r o v id e s  
s u p p o r t  t o  th e  v ie w  t h a t  m e ta b o l is m  o f  b o th  b i r d s  and mammals v a r i e s  s i m i l a r l y  
w i t h  body w e i g h t .
2 .  R e s t i n g  m e ta b o l is m  and c l i m a t e .
S c h o la n d e r  e ^  a ^ .  (1 9 5 0 b )  exam ined t h e  s ta n d a rd  m e t a b o l i c  r a t e s  o f
t r o p i c a l  and a r c t i c  a n im a ls  i n  an a t te m p t  t o  f in d  c l i m a t i c  d i f f e r e n c e s  b e ­
tw een  them . The r e s t i n g  m e t a b o l i c  r a t e s  o f  t h e  s p e c i e s  th e y  s t u d i e d  f e l l  
v e r y  c l o s e  t o  th e  r e g r e s s i o n  l i n e  r e p r e s e n t i n g  t h e  mouse t o  e l e p h a n t  cu rv e  
o f  B e n e d ic t  ( 1 9 3 8 ) .  T h ese  a u t h o r s  c o n c lu d e d  t h a t  t h e  s ta n d a rd  m e t a b o l i c  
r a t e  i s  n o t  a d a p te d  t o  c l i m a t e ,  a v ie w  s u b s e q u e n t ly  su p p o r te d  by o t h e r  
s t u d i e s  on a r c t i c  and s u b a r c t i c  s p e c i e s  ( I r v i n g  e ^  aJL. 1955; Krog ^  a l . 
1 9 5 5 ) .  In  1 9 5 5 ,  S c h o la n d e r  w r o te  " .  . . b a s a l  h e a t  p r o d u c t io n  h as  b een  
found t o  be  e s s e n t i a l l y  t h e  same i n  a l l  c l i m a t e s ,  inasm uch a s  m ost a r c t i c ,  
t e m p e r a t e ,  and t r o p i c a l  mammals f i t  t h e  mouse t o  e l e p h a n t  cu rv e  o f  B e n e d ic t  
( 1 9 3 8 ) .  B ir d s  show t h i s  r e g u l a r i t y  t o o .  T h is  l e a v e s  h e a t  d i s s i p a t i o n  a s  
t h e  o n ly  m ajor a v en u e  f o r  p h y l o g e n e t i c  a d a p t a t i o n  t o  c l i m a t e " ,
a .  A d a p t io n  o f  th e  m e t a b o l i c  r a t e  by h i b e r n a t o r s .
B eca u se  t h e  p o o r - w i l i  h i b e r n a t e s ,  and t h e  pau raq ue ( N yctid rom u s  
a l b l c o l l i s )  a n o t h e r  c a p r im u l g id ,  has  a  s ta n d a r d  m e t a b o l i c  r a t e  b e lo w  th e  
p r e d i c t e d  v a l u e  f o r  com p arab ly  s i z e d  p a s s e r i n e s ,  S c h o la n d e r  ejt a l ,  (1 9 5 0 b )  
a t t r i b u t e d  t h e  p a u r a q u e 's  low  m e t a b o l i c  r a t e  a s  an  a d a p t a t i o n  p o s s e s s e d  by 
a l l  h i b e r n a t o r s .  T h is  c o n c e p t  th o u g h  i n t e r e s t i n g  i s  y e t  t o  be  p r o v e n .  In  
a l a t e r  s t u d y  L a w lew sk i and Dawson (1 9 6 4 )  d e m o n str a te d  w i t h  t h e i r  d a t a  f o r  
th e  common n ig h th a w k , and S c h o la n d e r  e t  a l ' s .  (1 9 5 0 b )  d a t a  f o r  t h e  p a u ra q u e ,  
t h a t  e v e n  th o u g h  t h e  s ta n d a r d  m e t a b o l i c  r a t e s  o f  t h e s e  two c a p r im u lg id s  a r e  
b elow  t h e  p r e d i c t e d  v a l u e  f o r  p a s s e r i n e s ,  t h e y  f i t  t h e  K in g -F a r n e r  (1961')
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e q u a t i o n  f o r  n o n p a s s e r in e s  f a i r l y  w e l l ,  w i t h  t h e  pau raq ue  b e in g  somewhat 
h ig h e r  t h e n  p r e d i c t e d .  S in c e  t h e s e  a u t h o r s  f u r t h e r  found t h a t  o n ly  s t a r v a ­
t i o n  in d u ced  t o r p o r  i n  t h e  common n igh th aw k  i t  w ould a p p ea r  t h a t  n e i t h e r  th e  
p au raq ue nor t h e  common n igh th aw k  p o s s e s s  any s p e c i a l  m e t a b o l i c  a d a p t a t i o n s  
w h ich  may be  common t o  h i b e r n a t o r s .
B e n e d ic t  (1 9 3 8 )  found t h a t  t h e  marmot, a h i b e r n a t o r ,  had a s ta n d a r d  
m e t a b o l i c  r a t e  f a r  b e lo w  t h o s e  o f  o t h e r  com parably  s i r e d  hom eotherm s, and 
t h a t  u n l i k e  a g o o s e  o f  com p arab le  s i r e ,  a r a p id  g a in  i n  w e ig h t  from f a t  
d e p o s i t i o n  i n  t h e  marmot d id  n o t  i n c r e a s e  i t s  s ta n d a r d  m e t a b o l i c  r a t e  a s  i t  
d id  i n  t h e  g o o s e .  He c o n c lu d e d  t h a t  t h e  m arm ot’ s  f a t ,  u n l i k e  g o o s e  f a t ,  must 
be m e t a b o l i c a l l y  i n a c t i v e .  Hudson (1 9 6 2 )  i n  p r e s e n t i n g  h i s  and B a rth o lo m ew ’ s 
u n p u b lis h e d  o b s e r v a t i o n s  on  t h e  r o u n d - t a i l e d  g r o u h d , s q u i r r e l  ( C i t e l l u s  t e r e -  
t i c a u d u s )  and t h e  pigmy opossum  ( C e r c a e r t u s  n a n a ) . found t h a t  t h e  f a t  d e p o s i t ^  
i n  t h e s e  h i b e r n a t o r s  e x e r t e d  l i t t l e  e f f e c t  on  t h e i r  s ta n d a r d  m e ta b o l is m .
They c a u t i o n e d ,  t h e r e f o r e ,  t h a t  b e f o r e  a  low s ta n d a r d  m e ta b o l ism  can  be used  
a s  a phenomenon c h a r a c t e r i s t i c  o f  h i b e r n a t o r s ,  r a t e s  f o r  co m p a r iso n  w i t h  
t h o s e  o f  n o n h ib e r n a to r s  s h o u ld  b e  c a l c u l a t e d  on a  f a t  f r e e  b a s i s .  Hudson 
( 1 9 6 2 ) ,  t h e r e f o r e ,  s t a t e s  t h a t  h i b e r n a t i o n  may e i t h e r  a l l o w  o r  f o l l o w  a low  
b a s a l  m e ta b o l ism .
b .  A d a p ta t io n  o f  th e  m e t a b o l i c  r a t e  f o r  l i f e  i n  h o t  a r id  c l i m â t e s .
Hudson (1 9 5 2 )  r e p o r t e d  t h a t  d e s e r t  a n im a ls  a r e  o f t e n  fa c e d  w i t h  
am bient te m p e r a tu r e s  t h a t  demand a m axim al e f f o r t  toward h e a t  d i s s i p a t i o n ,  
and t h e r e f o r e ,  p ro p o sed  t h a t  i f  d i u r n a l  form s i n  t h i s  en v iro n m en t had a 
low er  s ta n d a rd  m e t a b o l i c  r a t e ,  i t  w ould  r e d u c e  t h e  p rob lem  o f  h e a t  d i s ­
s i p a t i o n .  B artholom ew  e t  £ l .  (1 9 6 2 )  o f f e r e d  a s  an  exam p le  o f  t h i s  ty p e
o f  c l i m a t i c  a d a p t a t i o n ,  t h e  p o o r - w l l l  ( P h a l a e n o p t i l u s  n u t t a l l i i ) . a c a p r im u lg id
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t h a t  n e s t s  i n  t h e  open* e x p o s in g  i t s e l f  th r o u g h o u t  th e  day e v en  i n  th e  
d e s e r t ,  t o  s e v e r e  i n s o l a t i o n .  T h is  b ir d  p o s s e s s  a s ta n d a rd  m e t a b o l ic  r&te 
o f  1 /3  t h e  p r e d i c t e d  v a l u e ,  w h ich  u n d o u b te d ly  c o n t r i b u t e s  t o  th e  b ir d s  
e f f i c i e n c y  i n  c o o l i n g  i t s e l f  a t  t h e  e x t r e m e ly  h ig h  am b ien t te m p e r a tu r e s  i f  
e n c o u n t e r s .
A n o th er  p o s s i b l e  a d a p t a t i o n  o f  t h e  s ta n d a r d  m e t a b o l i c  r a t e  to  the 
e n v ir o n m e n t  i s  d e s c r i b e d  i n  a r e v ie w  by Hudson and Bartholom ew  (1 9 6 4 )  wh-srety  
t h e y  m en t io n ed  t h a t  an  a n i m a l ' s  e n t r y  i n t o  t o r p o r  a t  h ig h  am b ien t t e r p e r a t r r e y  
w ould be f a c i l i t a t e d  by i t s  h a v in g  a  lo w er  c r i t i c a l  t e m p e r a tu r e  above the 
am b ien t te m p e r a tu r e s  t o  w h ich  i t  i s  n o r m a lly  e x p o s e d ,  M o rr iso n  ( 1 9 6 0 )  s u g g e s t e d  
t h i s  a d a p t a t i o n  w ould  b e  u s e f u l  t o  d i u r n a l  hom eotherms l i v i n g  In  h o t  e n . i s
I n t e r e s t i n g l y  enough t h i s  a d a p t a t i o n  h as  r e c e n t l y  b e e n  found n o t i n  d i  i r o t ï 
a n im a l s ,  b u t  r a t h e r  i n  t h e  s m a l l  n o c t u r n a l  r o d e n t s  l i v i n g  i n  th e  h o t  a r id  i-^gi 
o f  t h e  s o u t h w e s t e r n  U n ite d  S t a t e s .  Many o f  t h e s e  s p e c i e s  w h ich  e s t i v a t e  or  
show s i g n s  o f  d a i l y  t o r p o r ,  do n o t  p o s s e s s  c o n s p ic u o u s  f a t  d e p o s i t s ,  but -It- 
h ave  u n u s u a l ly  low m e t a b o l i c  r a t e s  w i t h i n  t h e i r  zo n e  o f  th er m a l n e u t r a l i f v .
As a  r e s u l t  o f  t h e i r  lo w ered  m e t a b o l i c  r a t e ,  t h e i r  lo w er  c r i t i c a l  te m p er a tu r e  
i s  h i g h ,  b e in g  a b ove  t h e  am b ien t te m p e r a tu r e s  t o  w h ic h  t h e y  a r e  n o r m a lly  
e x p o s e d .  T h is  a l l o w s  t h e s e  a n im a ls  t o  e n t e r  t h e  t o r p i d  s t a t e  and low er  
t h e i r  body te m p e r a tu r e s  a t  r e l a t i v e l y  h ig h  am b ien t te m p e r a tu r e s  (Hudson and 
B artholom ew , 1 9 6 4 ) .  The phenomenon o f  t o r p o r  a t  h ig h  am b ien t te m p e r a tu r e s  
and a low ered  m e t a b o l i c  r a t e  h ave  b e e n  found i n  t h e  kan garoo  m ou se , M icf°ed i~ 
podops p a l l l d u s . (B artho lom ew  and M a cM ille n ,  1 9 6 1 ) ;  th e  pigmy m ou se ,  
t a y l o r i » (H udson, 1 9 6 5 ) ;  t h e  c a c t u s  m ou se , P erom yscu s  e r e .m ic j s , II*-' .
196.5); t h e  b r u sh  m o u se , P erom yscu s  boy l e i , and t h e  p ln o n  m ou se , Pe?remys:. 
t r u e l ,  (M a cM illen , 1965; from  p e r s o n a l  com m u n ica tio n  w i t h  Hudson, 1 9 6 5 ) ;  a n i
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t h e  C a l i f o r n i a  p o c k e t  m ouse , Perot>nathus c a l l f o r n l c u s , (T u ck er ,  1 9 6 2 ) ;  a l l  
o f  w h ich  a r e  n o c t u r n a l .  Two o t h e r  s o u t h w e s t e r n  r o d e n t s  c a p a b le  o f  to r p o r  
a t  h ig h  am b ien t t e m p e r a t u r e s ,  b u t  w h ich  a r e  d i u r n a l  i n  h a b i t  a r e  th e  mohave 
ground s q u i r r e l ,  C i t e l l u s  m o h a v e n s is . (B artholom ew  and Hudson, 1 9 6 0 ) ,  and 
th e  r o u n d t a i l e d  ground s q u i r r e l  (H udson, 1 9 6 4 ) .  S i g n i f i c a n t l y  th e  d iu r n a l  
a n t e l o p e  ground s q u i r r e l ,  Ammospermophilus l e u c u r u s , n e i t h e r  h i b e r n a t e s  nor  
e s t i v a t e s ,  and d o e s  n o t  show a red u ced  r e s t i n g  m e ta b o l ism  (Hudson, 1962 ,  
from Hudson and B artho lom ew , 1 9 6 4 ) .  M acM illen  (1 9 6 5 )  i n  a n a l y z i n g  th e  
a d v a n ta g e s  o f  a low s ta n d a r d  m e ta b o l is m ,  and i t s  a p p l i c a t i o n  t o  a e s t i v a t i o n  
i n  t h e  c a c t u s  m ou se , p o in t e d  o u t  t h a t  t o r p o r  a t  t h e  r e l a t i v e l y  h ig h  am bient  
t e r m p e r a tu r e s  a t  w h ic h  i t  m ust o c c u r  i n  t h e  burrow d u r in g  th e  summer, may 
o p e r a t e  n o t  o n ly  a s  a w a te r  c o n s e r v in g  m echanism , bu t a l s o  a s  a means o f  
p r o lo n g in g  fo o d  s t o r e s .
We s e e ,  t h e r e f o r e ,  t h a t  t h e  s ta n d a r d  m e ta b o l ism  h a s  b een  ad ap ted  in  
some c a s e s  t o  a l l o w  s u r v i v a l ,  e s p e c i a l l y  i n  h o t  a r i d  r e g i o n s  (B artholom ew  
e t  a l . 1962; Hudson, 1962; Hudson and B artholom ew , 1964; M acM illan , 1965)  
where h e a t  l o s s  and w a te r  c o n s e r v a t i o n  a r e  f a c t o r s  d i r e c t l y  c o n cern ed  w i t h  
and b e n e f i t e d  by a b e lo w  norm al s ta n d a r d  m e t a b o l i c  r a t e .
I I .  The P r e s e n t  S tudy
The r e d - b r e a s t e d  n u t h a t c h  ( S i t t a  c a n a d e n s i s )  i s  a s m a l l  b ir d  r e s i d e n t  
i n  th e  c o n i f e r o u s  f o r e s t s  o f  t h e  n o r th  te m p e r a te  r e g i o n  o f  N orth  America  
r a n g in g  a s  f a r  n o r th  a s  A n c h o r a g e ,  A la s k a ,  i n  t h e  w e s t ,  and James B ay , and 
N ew foundland , i n  t h e  e a s t .  They a r e  found a s  f a r  s o u t h  a s  s o u t h e r n  C a l i f ­
o r n i a ,  s o u t h e a s t e r n  A r iz o n a ,  and s o u t h c e n t r a l  C o lo ra d o  i n  t h e  w e s t ,  and 
e a s t e r n  T e n n e s s e e ,  and w e s t e r n  N o r th  C a r o l in a  i n  t h e  e a s t .  P o p u l a t i o n s  at  
h ig h  l a t i t u d e s  and a l t i t u d e s  may m ig r a t e  e r r a t i c a l l y  and r e c o r d s  i n d i c a t e
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t h e s e  n u t h a t c h e s  a r e  found o c c a s i o n a l l y  d u r in g  t h e  w i n t e r  a s  f a r  s o u t h  a s  
s o u t h e r n  A r iz o n a ,  s o u t h e r n  New M ex ic o ,  T e x a s ,  s o u t h e r n  L o u i s ia n a ,  s o u th e r n  
M i s s i s s i p p i ,  and n o r th e r n  F l o r id a  (AOU C h e c k l i s t ,  1 9 5 7 ) ,
T h e ir  w id e sp r ea d  d i s t r i b u t i o n  p r e s e n t s  them w i t h  an e x t r e m e ly  w id e  
r a n g e  o f  y e a r l y  t e m p e r a t u r e s .  In  t h e  R a t t l e s n a k e  a r e a  n ear  M i s s o u la ,  M ontana, 
w here I  tr a p p ed  s e v e r a l  o f  t h e s e  b i r d s ,  th e y  may e n c o u n t e r  a i r  tem p eratu res ,  
i n  th e  w i n t e r  a s  low a s  - 3 6 °  C t o  - 4 0 °  C (B a k u s , 1 9 5 9 ) .  Summer te m p e r a tu r e s  
have b een  r e p o r t e d  i n  e x c e s s  o f  3 8 °  C a t  th e  M is s o u la  County A ir p o r t  ( P e r s o n a l  
co m m u n ic a t io n ) ,  th ou gh  i n  th e  shaded f o r e s t s  w here t h e s e  b i r d s  a r e  fo u n d ,  
th e  h ig h  summer te m p e r a tu r e s  a r e  p r o b a b ly  much lo w e r .  Even so  t h e s e  b i r d s  
may e n c o u n t e r  a 70° C o r  more y e a r l y  ch an ge  i n  te m p e r a tu r e  in  t h e  M is s o u la  
a r e a .
B e c a u se  o f  t h e i r  s m a l l  s i z e  (w e ig h t  r a n g e  from 9 . 8  to  1 4 .5  g 'j , th e  
e f f e c t i v e n e s s  o f  t h e i r  f e a t h e r s  a s  i n s u l a t i o n  may be r e d u c e d ,  and th e  r a t e  
o f  h e a t  l o s s  from t h e i r  b o d ie s  a t  low am b ien t te m p e r a tu r e s  may be r e l a t i v e l y  
h ig h .  To e q u a t e  h e a t  l o s s  w i t h  h e a t  g a i n ,  t h e r e f o r e ,  h e a t  p r o d u c t io n  may 
be e l e v a t e d  d u r in g  t h e  c o l d e r  p a r t s  o f  t h e  y e a r .  In  t h e  w in t e r  months as  
th e  number o f  d a y l i g h t  h o u rs  f o r  f o r a g in g  d i m i n i s h ,  and h e a t  p r o d u c t io n  i s  
e l e v a t e d ,  m a in ta in a n c e  o f  t h e  e n e r g y  b a la n c e  may become a p rob lem . D uring  
th e  summer th e  p rob lem  i s  r e v e r s e d ,  b ecom ing  one o f  d i s s i p a t i n g  enough  
h e a t  t o  b a la n c e  h e a t  g a i n  w i t h  h e a t  l o s s .  The th e r m o r e g u la to r y  p rob lem s  
t h a t  t h i s  s m a l l  b ir d  f a c e s  i n  i t s  en v ir o n m e n t  make i t  a s u b j e c t  o f  i n t e r e s t  
to  th e  p h y s i o l o g i s t .
I t  has b een  t h e  p u rp o se  o f  t h i s  s t u d y ,  t h e r e f o r e ,  t o  exam ine th e  
m e t a b o l i c ,  e v a p o r a t i v e ,  and i n s u l a t i v e  c a p a b i l i t i e s  o f  t h e  r e d - b r e a s t e d
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n u th a t c h  when ta k e n  from th e  f i e l d  a t  d i f f e r e n t  s e a s o n s  and p r e s e n t e d  w i t h  
a w id e  ra n g e  o f  am b ien t te m p e r a tu r e s  under c o n t r o l l e d  la b o r a t o r y  c o n d i t i o n s .  
M e t a b o l ic  r a t e  was m easured and r e c o r d e d  in  term s o f  o x y g e n  co n su m p tio n  
o v e r  a 7 3 °  C te m p e r a tu r e  r a n g e .  The p r o d u c t io n  o f  CO2  was m easured o v e r  
t h i s  e n t i r e  ra n g e  o f  am b ien t te m p e r a tu r e s  d u r in g  c e r t a i n  I n t e r v a l s  o f  O2  
c o n su m p tio n ,  t o  d e te r m in e  v i a  th e  r e s u l t a n t  r e s p i r a t o r y  q u o t i e n t ,  th e  
n a tu r e  o f  t h e  food  p r o d u c t s  b e in g  c a t a b o l i s e d .  To e v a l u a t e  t h e  r e l a t i v e  
e f f e c t i v e n e s s  o f  t h e  b i r d ’ s  mechanism f o r  e v a p o r a t i v e  c o o l i n g ,  w a te r  l o s s  
was som etim es  m easured a lo n g  w i t h  o x y g en  con su m p tio n  a t  am b ien t te m p e r a tu r e s  
ab ove  0 °  C, The e f f e c t i v e n e s s  o f  th e  i n s u l a t i o n  was d e term in ed  i n d i r e c t l y  
from t h e  r e c o r d  o f  o x y g en  co n su m p tio n  by t h e  p r e s e n c e  and e x t e n t  o f  t h e  
zone o f  th er m a l n e u t r a l i t y .
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MATERIALS AND METHODS
I .  T ra p p in g  and M a in ta in a n c e  _
For t h e  e x p e r im e n ts  c o n d u cted  from May, 1966 , to  Sep tem b er , 1966,  
and from J a n u a ry , 1 9 67 , th ro u g h  F e b ru a ry ,  1967, I  c a p tu r e d  20 r e d - b r e a s t e d  
n u th a t c h e s  n ea r  M is s o u la ,  M ontana. Ten w ere ta k en  from January th ro u g h  
March, 1966 , s i x  from June th ro u g h  A u g u s t ,  1966 , and fo u r  from December, 1966,  
th ro u g h  F e b ru a ry ,  1967 . A l l  t h e  w in t e r - c a u g h t  b i r d s  came e i t h e r  from R a t t l e ­
sn ak e  C reek , 5 m i l e s  n o r th  o f  M is s o u la ,  or  from low er  P a t t i e  Canyon, 4 m i l e s  
e a s t  o f  M is s o u la .  E a r ly  i n  th e  summer, from June t o  th e  m id d le  o f  J u ly ,  I 
tra p p ed  on R a t t l e s n a k e  C reek . A l l  o f  t h e s e  s i t e s  w ere a t  e l e v a t i o n s  b e tw een  
3400  and 3500  f e e t  (U n ite d  S t a t e s  Departm ent o f  I n t e r i o r  G e o l o g i c a l  S u rv ey ,  
1 9 0 3 ) .  L a te  in  th e  summer, from th e  end o f  J u ly  t o  th e  end o f  A u g u s t ,  th e  
b ir d s  a p p a r e n t ly  moved t o  h ig h e r  e l e v a t i o n s  and w ere tr a p p ed  i n  upper P a t t i e  
Canyon, 6  m i l e s  e a s t  o f  M is s o u la ,  a t  e l e v a t i o n s  o f  a b o u t  5000 f e e t  (U n ite d  
S t a t e s  Departm ent o f  I n t e r i o r  G e o l o g i c a l  S u rv ey ,  1 9 0 3 ) .
In  a l l  c a s e s  t h e  b i r d s  w ere  c o l l e c t e d  in  a p o n d e r o se  p in e  ( t- inus  
p o n d e ro sa )  f o r e s t .  A lo n g  th e  s tr ea m  b o tto m  on R a t t l e s n a k e  C reek , t h i s  
p in e  was i n  a s s o c i a t i o n  w i t h  n o r th e r n  b la c k  co tto n w o o d  (P o p u lu s  t r i c h o c a r p a ) , 
w hereas i n  P a t t i e  Canyon p o n d e ro sa  p i n e  f o r e s t s  d om in ated  s o u t h - f a c i n g  
s l o p e s ,  bu t w ere  i n  a s s o c i a t i o n  w i t h  D o u g l a s - f t r  (P se u d o tsu g a  t a x l f o l l a ) 
and w e s t e r n  la r c h  ( L arch  o x i d e n t a l i s )  on n o r t h - f a c i n g  s l o p e s .
D u rin g  t h e  w i n t e r s ,  t h r e e  t o  f o u r  c h ic k e n - w i r e  b a s k e t s  f i l l e d  w i t h  
s u e t ,  e a c h  t i e d  t o  t h e  tr u n k  o f  a t r e e  a t  a b o u t  c h e s t  h e i g h t  w ere  used to  
a t t r a c t  th e  n u t h a t c h e s  and t o  a c cu sto m  them t o  f e e d i n g  i n  one p a r t i c u l a r  
a rea  d u r in g  p a r t s  o f  t h e i r  d a i l y  f o r a g in g  c y c l e s .  Though s u c c e s s f u l  in  
th e  w i n t e r ,  t h e s e  f e e d e r s  d id  n o t  a t t r a c t  t h e  b i r d s  d u r in g  th e  summer.
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O th er  w i n t e r i n g  b i r d s  a l s o  seem f e e d i n g  a t  th e  s u e t  b a s k e t s  w ere t h e  b l a c k ­
b i l l e d  m agpie  ( P ic a  p i c a ) , b la c k - c a p p e d  c h ic k a d e e  (P aru s  a n t r t c a p l l l u s ) . 
m ou n ta in  c h ic k a d e e  (P aru s  g a m b e l l ) . h a ir y  w oodp ecker  ( D endrocopos v L l I o s -j s ) , 
brown c r e e p e r  ( C e r th la  f a m i l i a r i s ) , downy w oodp ecker  ( D endrocopos p u b e sc e n s ) , 
C la r k ' s  n u tc r a c k e r  (W ucifraga  co lu m b ia n a ) .  g o ld e n -cr o w n e d  k i n g l e t  (P e g u lug  
s t r a p s , and w h i t e - b r e a s t e d  n u th a tc h  ( S i t t a  c a r o l i n e n s i s ) .
The r e d - b r e a s t e d  n u th a t c h e s  p roved  d i f f i c u l t  t o  c a p tu r e  in  m is t  
n e t s ,  bu t c o u ld  e a s i l y  be l i v e - t r a p p e d  in  s m a l l  (4 0  x  20 x 20 cm) box  
t r a p s ,  c o n s t r u c t e d  o f  1 / 2  in c h  mesh hardware c l o t h ,  o f  th e  ty p e  used  by 
McCowery (1 9 6 1 )  t o  t r a p  c h i c k a d e e s .  T h ese  w ere  b a i t e d  w i t h  s u e t  a n d /o r  
mealworms (T e n e b r io  m o l i t o r )  and p la c e d  on a h o r i z o n t a l  b ran ch  w i t h i n  50 
f e e t  o f  th e  f e e d e r s .  Each t r a p  was e q u ip p ed  w i t h  a p e r c h  w h ich  f u n c t io n e d  
a s  a t r i g g e r ,  b u t w h ic h  p roved  u n r e l i a b l e .  C o n s e q u e n t ly  I  r e l e a s e d  th e  
t r i g g e r  m a n u a lly  v i a  a s t r i n g .  D u r in g  t h o s e  d a y s  o r  h ou rs  o f  t h e  day when 
th e  t r a p s  w ere l e f t  u n a t te n d e d ,  t h e i r  d o o r s  w ere  lo c k e d  open  t o  en co u r a g e  
t h e i r  u se  a s  r e g u l a r  f e e d i n g  s p o t s .
In  th e  summer, a meal-worm  b a i t e d  t r a p ,  a t t a c h e d  t o  a s m a l l  p o r t a b l e  
d eco y  c a g e  c o n t a i n i n g  a c a p t i v e  n u t h a t c h ,  was p o s i t i o n e d  e i t h e r  in  a t r e e  
o r  on a stump n e a r  a t r e e .  The d e c o y  by h i s  c a l l i n g  a t t r a c t e d  a n o th e r  
n u th a t c h ,  and a f t e r  a p e r io d  o f  m u tu a l d i s p l a y i n g ,  th e  a t t r a c t e d  b ir d  would  
be lu red  by t h e  m eal-w orm s i n t o  t h e  t r a p .
A f t e r  c a p t u r e ,  t h e  b i r d s  w ere  b an d ed , p la c e d  In s m a l l  In d oor  c a g e s  
and a l lo w e d  t o  a d j u s t  t o  c a p t i v i t y .  An ajd l i b i t u m  d i e t  o f  m ea l-w orm s, raw 
S p a n ish  p e a n u t s ,  p ea n u t  b u t t e r ,  and w a te r  was p r o v id e d .  The b i r d s  ad ap ted  
r a p i d l y ,  e a t i n g  and d r i n k i n g  f r e e l y  so o n  a f t e r  c a p tu r e  and some i n d i v i d u a l s  
a c c e p te d  meal-worms from t h e  hand t h e  same day th e y  w ere c a p tu r e d .
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A f t e r  t h e  i n i t i a l  a d ju s tm e n t  p e r io d  th e  b i r d s  w ere  tu rn ed  i n t o  a 
l a r g e  6  x  6  x  9 f t  o u td o o r  f l i g h t  c a g e ,  c o n t a i n i n g  a wooden f l o o r ,  a s lo p e d  
a s p h a l t  p ap ered  r o o f ,  and s i d e s  and d o o r s  o f  g a lv a n i z e d  window s c r e e n .  M ain­
t a i n e d  i n  t h i s  m anner, th e y  w ere c o n s t a n t l y  e x p o sed  t o  th e  n a t u r a l  p h o t o p e r io d s  
and t e m p e r a tu r e s  o f  t h e  M is s o u la  a r e a .  N e s t  b o x e s ,  l o g s ,  s tu m p s, b r a n c h e s ,  
and s m a l l  c o n i f e r s  p la c e d  w i t h i n  th e  ca g e  a l lo w e d  t h e  b i r d s  t o  p e r c h ,  c l im b ,  
and h i d e .  S u e t ,  raw S p a n is h  p e a n u t s ,  a p ea n u t b u t t e r - b a c o n  f a t  m ix t u r e ,  
w a te r  i n  t h e  form o f  f r e e  w a te r  o r  snow , and 20  t o  30 meal-worms p e r  b i r d ,  
p er  d a y ,  k e p t  t h e  b i r d s  v i g o r o u s  and h e a l t h y ,  and m a in ta in e d  t h e i r  w e ig h t  
b etw een  11 and 1 4 ,5  g .  Im m e d ia te ly  a f t e r  c a p t u r e ,  summer b ir d s  and t h o s e  
c a u g h t  i n  t h e  seco n d  w i n t e r ,  w e ig h ed  from 9 . 8  t o  11 g ,  b u t g a in e d  1 t o  2 g 
i n  c a p t i v i t y .
I I .  E x p e r im e n ta l  P r o c e d u r e s ;
A l l  b i r d s  used  i n  t h e  e x p e r im e n ts  w ere  k e p t  i n  s m a l l  c a g e s  i n  t h e  
l a b o r a to r y  w i t h  fo o d  and w a te r  p r o v id e d  ad l i b i t u m , f o r  a t  l e a s t  1 2  hours  
b e f o r e  t e s t i n g .  They w ere  w e ig h ed  on a M e t t l e r  b a la n c e  t o  th e  n e a r e s t  0 .0 1  g ,  
b e f o r e  and a f t e r  e a c h  t e s t  p e r i o d .  At te m p e r a tu r e s  from -16® C t o  39® C, 
t e s t  p e r io d s  w ere  6  t o  9 h o u rs  In  l e n g t h ,  and two d e t e r m i n a t i o n s ,  e a c h  a t  
a p a r t i c u l a r  te m p e r a tu r e  s e p a r a t e d  by n o t  l e s s  th a n  10°  C o r  more th a n  
2 0 °  C, w ere  c o n d u c te d  f o r  e a c h  p e r i o d .  At te m p e r a tu r e s  from - 3 0 °  C t o  
-17® C and from  40® C t o  43® C, t e s t  p e r i o d s  d id  n o t  e x c e e d  2 1 /2  h ou rs  
in  l e n g t h ,  and y i e l d e d  o n e  d e t e r m i n a t i o n  a t  one p a r t i c u l a r  te m p e r a tu r e  
p er  t e s t  p e r i o d .  O nly  t h o s e  low v a l u e s  c o n s t a n t  o v e r  a t  l e a s t  a 2 min  
p e r io d  (K in g , 1964) w ere  s e l e c t e d  f o r  c a l c u l a t i n g  Og c o n su m p tio n . In  
many c a s e s  c o n s t a n t  v a l u e s  w ere  o b t a in e d  f o r  p e r i o d s  e x c e e d in g  2 0  m in .
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T h ose  r e c o r d s  n o t  m e e t in g  t h e s e  minimum r e q u ir e m e n ts  were not u se d .  CO2  
p r o d u c t io n  was d e te r m in e d  o v e r  th e  e n t i r e  73° C te m p e r a tu r e  r a n g e ,  but  
e v a p o r a t i v e  w a te r  l o s s  was m easured o n ly  a t  t e m p e r a tu r e s  above  0 °  C.
Any b i r d s  sh ow in g  s i g n s  o f  m o l t in g  or  u n u su a l w e ig h t  l o s s  w ere n ot  
used  i n  t h e  e x p e r im e n t s .  Tn t h o s e  e x p e r im e n ts  co n d u cted  from May, 1966^t o  
Septem ber, 1 9 66 , O2  co n su m p tio n  was m easured i n  s i x  o f  t h e  10 b ir d s  ca u g h t  
d u r in g  th e  f i r s t  w i n t e r ,  and a l l  s i x  o f  t h e  summer ca u g h t b i r d s .  The 
summer ca u g h t  b i r d s  a l s o  p r o v id e d  d a ta  o f  CO2  p r o d u c t io n  and e v a p o r a t i v e  
w a te r  l o s s .  Those fo u r  b i r d s  ca u g h t  d u r in g  t h e  seco n d  w i n t e r ,  p r o v id e d  d a ta  
o f  O2  c o n su m p tio n ,  CO2  p r o d u c t io n ,  and e v a p o r a t i v e  H2 O l o s s  d u r in g  m e a su r e ­
m ents c a r r i e d  o u t  from J a n u a ry , 1 9 6 7 , th ro u g h  F e b r u a r y ,  1967 . A Beckman 
p a r a m a g n et ic  o x y g e n  a n a l y z e r  m o n ito red  O2  co n su m p tio n  w h ich  was r e c o r d e d  by 
a Brown s i n g l e  s t r i p  r e c o r d e r .  S i l i c a  g e l  and a s c a r i t e  were used  to  
g r a v i m e t r i c a l l y  d e te r m in e  e v a p o r a t i v e  H2 O l o s s  and COg p r o d u c t io n ,  r e s p e c t ­
i v e l y .  The a p p a r a tu s  u sed  f o r  t h e  e x p e r im e n ts  (F ig u r e  3) a l lo w e d  e i t h e r  
s i n g l e  o r  s im u l t a n e o u s  m easurem ent o f  any one o f  t h e  ab ove  p a r a m e te r s .
A s m a l l  aquarium  pump p r o v id e d  th e  a i r  f lo w  w h ich  p a s s e d  s u c c e s s ­
i v e l y  v i a  r u b b e r ,  c o p p e r ,  and g l a s s  t u b in g  c o n n e c t io n s  t o ,  ( 1 )  a su r g e  
ta n k ,  ( 2 )  c y l i n d e r s  o f  s i l i c a  g e l  and a s c a r i t e  f o r  r em o v a l o f  w a te r  v a p o r  
and CO2  from t h e  a i r ,  ( 3 )  a v a l v e  c o n t r o l l i n g  t h e  a i r  f lo w  th ro u g h  th e  
m e ta b o lism  cham ber, (4 )  a m e ta b o l is m  chamber c o n t a in e d  i n  a c o n s t a n t  tem p er­
a t u r e  c a b i n e t ,  ( 5 )  a p r e s s u r e  g a u g e ,  ( 6 ) a s e c o n d ,  ’’d o u b le ” , s y s te m  o f  
c h e m ic a l  a b s o r b a n t s  f o r  rem o v a l  and t e s t i n g  o f  th e  r e s p i r a t o r y  p r o d u c t s  
from the post chamber a i r  flow, ( 7 )  a f lo w  m e t e r ,  ( 8 ) a b l e e d e r  v a l v e  
fo r  p r e s s u r e  r e g u l a t i o n ,  (9 )  a g a s  s e l e c t o r  p a n e l ,  (1 0 )  a f i n a l  d e h y d r a t io n  
c y l i n d e r ,  ( 1 1 )  a c o t t o n  f i l t e r ,  and (1 2 )  t h e  Beckman o x y g en  a n a l y z e r .
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Flow r a t e s  i n  t h i s  open  s y s te m  w ere r e g u l a t e d  from 320 c c  t o  628 c c  o f  a i r  
p e r  m in ( u n c o r r e c t e d  t o  S T P ), and p r e s s u r e s  i n  th e  m e ta b o lism  chamber were  
m a in ta in e d  b e tw een  6  t o  12 mm Hg, w h ich  ga v e  an  a b s o l u t e  p r e s s u r e  t o  th e  
s y s te m  b e tw een  670 and 690 mm Hg.
C o i l i n g  o f  th e  t u b in g  i n  t h e  c o n s t a n t  t e m p e r a tu r e  c a b in e t  a l lo w e d  
th e  a i r  t o  be c o o le d  o r  warmed t o  th e  t e s t  te m p e r a tu r e  b e f o r e  i t  e n t e r e d  
th e  m e ta b o l ism  cham ber. The m e ta b o l ism  chamber c o n s i s t e d  o f  a new one  
g a l l o n  p a i n t  c a n ,  t h e  l i d  o f  w h ich  was f i t t e d  w i t h  ( 1 ) an i n l e t  p o r t  w h ich  
e x te n d e d  3 / 4  o f  th e  way i n t o  t h e  can  t o  a l l o w  c o m p le te  c i r c u l a t i o n  o f  a i r  
w i t h i n  t h e  cham ber, ( 2 )  an o u t l e t  p o r t ,  and ( 3 )  an  arran gem en t f o r  a 
t h e r m is t o r  p rob e  w i t h  w h ich  t o  m o n ito r  th e  te m p e r a tu r e  w i t h i n  th e  chamber,
A 1 /2  i n  mesh hardw are c l o t h  f l o o r ,  s e t  ab ou t 7 cm from t h e  b ottom  o f  th e  
can  on l e g s  c o n s t r u c t e d  from co p p er  t u b i n g ,  h e ld  t h e  b ir d  away from t h e  b o t=  
tom w h ich  was c o v e r e d  t o  a d e p th  o f  a b o u t  2 cm w i t h  m in e r a l  o i l .  The m in e r a l  
o i l  s e r v e d  t o  t r a p  f e c e s  v o id e d  by t h e  b i r d ,  t h e r e b y  e l i m i n a t i n g  t h e  p o s s i b l e  
a d d i t i o n  o f  f e c a l  and u r in a r y  w a te r  t o  t h e  s y s t e m .  The chamber a l s o  c o n ­
t a in e d  a  p e r c h  on w h ic h  t h e  b ir d  c o u ld  s i t  i n  a  norm al p o s t u r e .
The f r e e z e r  c h e s t  o f  a  r e f r e g e r a t o r  was c o n v e r t e d  i n t o  a c o n t r o l l e d  
tem p era tu re  c a b i n e t  by p l a c i n g  i n  i t ,  a h a i r  d r y e r  w ir e d  t o  a m a n u a lly  
c o n t r o l l e d  t h e r m o s t a t  and v a r i a b l e  t r a n s f o r m e r .  The h e a t i n g  e le m e n t  o f  
th e  h a i r  d r y e r  th u s  o p p o sed  t h e  r e f r i g e r a t i n g  u n i t  t o  k eep  any te m p e r a tu r e  
w i t h i n  t h e  r a n g e  from -16® G t o  43® C, c o n s t a n t  w i t h i n  p lu s  o r  m inus 0 ,5®  C. 
Dry i c e  p la c e d  i n  t h e  te m p e r a tu r e  c a b i n e t ,  k e p t  t e m p e r a tu r e s  c o n s t a n t  t o  
p lu s  o r  m inus 1® C, b e lo w  -16®  C.
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F ig u r e  3— S ch em a tic  d iagram  o f  t h e  a p p a r a t u s .
p . . • Pump
T . , Surge tan k
C , . » C o i le d  tu b in g
MC. . a M etab o lism  chamber
HD. , • H air  d r y e r
VTo . V a r ia b le  tr a n s fo r m e r
THo . a T h erm osta t
TC. , T em perature c a b in e t
PG. . 0 P r e s s u r e  gauge
FM. . Flow m eter
SP, , « Gas s e l e c t o r  p a n e l
F . , F i l t e r
1 , 2 , 3 / 0 U tu b e s  o f  s i l i c a  g e l
4 ,  5 , 6 . IT tu b e s  o f  a s c a r i t e
V i ,  . V a lv e  c o n t r o l l i n g  t h e  f lo w  r a t e
Vg. . B le e d e r  v a l v e
V3 . . V a lv e  r e g u l a t i n g  t h e  2 0 .9 3  % r e f e r e n c e  gas
V4 . , « V a lv e  r e g u l a t i n g  t h e  sam ple  a i r  f lo w
V5 . . « V a lv e  r e g u l a t i n g  th e  12 % r e f e r e n c e  gas
3Vi , 
3Vg . 3 ^ a y  valvej^® *’ '̂^^® th e  sam ple  f lo w  f o r  HgO
S3V3. • « 3-way s o l e n o i d  v a l v e
E . , E xhaust from t h e  a n a ly z e r
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s  i I i c a  -  g e  I
A s c o r i f
Ana iyzer
S i l i c a  -  g e l
A s c a r i t e
S i l i c o - g e l
o
<
S a m p l e  o i f  f l ow
2 0 . 9 3  p e r  c e n t  O j  r e f e r e n c e  g o s  
1 2 . 0 0  p e r  c en t  r e f e r e n c e  g a s  
E fee  t r i c o t  c o n n e c t i o n s
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The p r e s s u r e  g a u g e ,  c a l i b r a t e d  t o  be read  i n  mm o f  Hg, i n s t a l l e d  in  
t h e  f lo w  l i n e  n ear  th e  o u t l e t  p o r t  o f  th e  a n im a l cham ber, c o n s i s t e d  o f  a 
mannometer tu b e  c o n t a i n i n g  B ro d y 's  mannometer f l u i d .  The f lo w  m e te r ,  
c a l i b r a t e d  t o  be read  i n  c c  o f  a i r / m i n ,  i n s t a l l e d  i n  th e  f lo w  l i n e  j u s t  
dow nstream  from th e  COg and H2 O v ap or  sa m p lin g  s y s te m ,  c o n s i s t e d  o f  a 
g l a s s  U tu b e  c o n t a i n i n g  B o r d y 's  mannometer f l u i d ,  w h ich  u t i l i z e d  th e  
V e n tu r i  e f f e c t  t o  i n d i c a t e  th e  volum e o f  a i r  ( u n c o r r e c t e d  t o  STP) f lo w in g  
th ro u g h  t h e  a n im a l chamber.
D u r in g  20 m in u te  i n t e r v a l s  o f  some e x p e r im e n t s ,  a i r  from t h e  o u t l e t  
p o r t  was d i v e r t e d  t o  a d e to u r  l i n e ,  and p a s s e d  th ro u g h  t h r e e  Ü tu b e s  
e a c h ,  o f  s i l i c a  g e l  and a s c a r i t e .  T h ese  c h e m ic a l  a b s o r b a n t s  w ere  used  
t o  g r a v i m é t r i e s l l y  d e te r m in e  t o  th e  n e a r e s t  m i l l i g r a m  th e  e v a p o r a t iv e  
HgO l o s s  and CO2  p r o d u c t io n ,  r e s p e c t i v e l y ,  o f  th e  b ir d  b e in g  t e s t e d .  
C y l in d e r s  o f  l i k e ,  c h e m ic a l  a b s o r b a n t s  i n  t h e  main f lo w  l i n e ,  dryed  and 
removed th e  CO2  from t h e  p o s t  chamber a i r  when O2  co n su m p tion  a lo n e  was 
b e in g  t e s t e d .  P e r i o d i c  t e s t s  u s in g  an  empty m e ta b o lism  cham ber, i n d i c a t e d  
t h e r e  w ere  no l e a k s  o r  w a te r  v a p o r  i n  t h e  a p p a r a t u s .
A n e e d le  v a l v e  i n  t h e  g a s  s e l e c t o r  p a n e l  a l lo w e d  a l i q u o t s  o f  sam ple  
a i r ,  a t  150 c c /m in ,  t o  e n t e r  t h e  a n a l y z e r .  Two o t h e r  n e e d le  v a l v e s  i n  th e  
gas  s e l e c t o r  p a n e l  r e g u l a t e d  t h e  f lo w  i n t o  th e  a n a ly z e r  o f  e i t h e r ,  dry  
room a i r  c o n t a i n i n g  2 0 .9 3  % O2 , o r  a c o m m e r c ia l ly  m ixed gas  c o n t a i n i n g  
12 % O2 . T h ese  w ere  used  a s  r e f e r e n c e  g a s e s  t o  s e t  t h e  z e r o  p o i n t  and 
sp a n ,  r e s p e c t i v e l y ,  o f  t h e  a n a l y z e r .  The a n a l y z e r  c o u ld  th e n  d e t e c t  th e  
Og c o n c e n t r a t i o n  o f  a g a s  m ix tu r e  c o n t a i n i n g  from 12 % t o  2 0 .9 3  % Og.
(F or  a more c o m p le te  d e s c r i p t i o n  s e e  t h e  Beckman I n s t r u c t i o n  Manual No. 
8 1 0 4 3 - - B ,  1 9 6 2 ) .  From t h e  g a s  s e l e c t o r  p a n e l ,  t h e  a i r  from e i t h e r  o f
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th e  t h r e e  v a l v e s  p a s s e d  th ro u g h  a f i n a l  c y l i n d e r  o f  s i l i c a  g e l ,  and a 
c o t t o n  f i l t e r  b e f o r e  e n t e r i n g  th e  a n a l y z e r .
The a n a ly z e r  d e te r m in e d  th e  p a r t i a l  p r e s s u r e  o f  th e  O2  in  an a l i q o u t  
o f  a i r  f l o w in g  i n t o  i t  by m ea su r in g  i t s  m a g n e t ic  s u s c e p t i b i l i t y .  B ecause  
O2  i f  h i g h l y  p a r a m a g n e t ic  and th e  o t h e r  a tm o sp h e r ic  g a s e s  a re  w eak ly  d i a ­
m a g n e t ic ,  t h e  Og m o le c u le s  p la c e d  i n  a m a g n e t ic  f i e l d  a c t  as  a tem porary  
m agn et , a n a lo g o u s  t o  a  p i e c e  o f  s o f t  i r o n  i n  a m a g n e t ic  f i e l d .  The o th e r  
g a s e s  i n  th e  sam ple  b e in g  d ia m a g n e t ic ,  a c t  a s  a n o n -m a g n etic  p a r t i c l e  in  
a m a g n e t ic  f i e l d  (Beckman I n s t r u c t i o n  M anual, 8 1 0 4 3 - - B ,  1 9 6 2 ) .  The a n a l y s t *  
c e l l  o f  t h e  a n a ly z e r  c o n s t a n t l y  d e t e c t s  any change in  th e  p a r t i a l  p r e s s u r e  
o f  th e  Og i n  th e  sa m p le .  T h is  in f o r m a t io n  i s  t r a n s m i t t e d  e l e c t r i c a l l y  to  
th e  Brown s i n g l e  s t r i p  r e c o r d e r ,  where i t  i s  c o n t i n u o u s l y  t r a n s c r ib e d  cn  
a m oving c h a r t ,  n o t  a s  p a r t i a l  p r e s s u r e  but a s  p e r c e n t  o f  Og p r e s e n t  in  th e  
sa m p le .  From t h i s  r e c o r d e d  r e d u c t i o n  i n  c o n c e n t r a t i o n ,  and th e  r a t e  o f  
f lo w ,  th e  r a t e  o f  O2  c o n su m p tio n  p e r  g body w e ig h t  p e r  h o u r , can be c a l ­
c u l a t e d  u s in g  c o n v e r s io n  f a c t o r s  and e q u a t io n  (1 0 )  o f  Dapocas and Hart 
( 1 9 5 7 ) .
The c o r r e c t e d  vo lum e o f  a i r  f l o w i n g  th ro u g h  th e  an im al chamber was 
c a l c u l a t e d  u s in g  t h e  f o l l o w i n g  c o n v e r s i o n  f a c t o r :
( ^ )
where i s  t h e  volum e o f  dry  g a s  a t  0® C and 760 mm Hg; i s  th e  
o r i g i n a l  vo lu m e; T i s  th e  t e m p e r a tu r e  i n  d e g r e e s  c e n t i g r a d e ;  and TP i s  th e  
b a r o m e tr ic  p r e s s u r e  p lu s  th e  p r e s s u r e  i n  t h e  s y s te m .
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The p a r t i a l  p r e s s u r e  o f  O2  i n  b o th  t h e  i n l e t  and o u t l e t  p o r t s  was 
d e te r m in e d  a c c o r d in g  t o  th e  f o l l o w i n g  e q u a t io n s ;
^102 = (%IOz) (BP)
^102 = (%E02> (BP) 
w here ^ 1 0  ̂ i s  t h e  p a r t i a l  p r e s s u r e  o f  O2 i n  t h e  i n l e t  a i r ;  ^E0 2  i s  th e  
p a r t i a l  p r e s s u r e  o f  O2  in  t h e  o u t l e t  a i r ;  %I0 2  i s  th e  p e r c e n t  o f  Og in  
t h e  i n l e t  a i r  (20.93%  c o n s t a n t ) ;  7JEO2  i s  t h e  p e r c e n t  o f  Og i n  t h e  o u t l e t  
a i r  (from  th e  a n a ly z e r  r e c o r d ) ;  and EP i s  t h e  b a r o m e tr ic  p r e s s u r e .
Oxygen co n su m p tio n  was th e n  c a l c u l a t e d  from th e  D epocas and Hart (1 9 5 7 )  
e q u a t io n :
Vo = Ve
BP -
w here i s  t h e  O2  co n su m p tio n  p e r  m in u te ;  i s  t h e  volum e o f  dry  a i r  a t
0 °  C and 760 mra Hg; ^ 1 0 2  i s  t h e  p a r t i a l  p r e s s u r e  o f  O2  in  th e  i n l e t  p o r t ;
^E0 2  i s  t h e  p a r t i a l  p r e s s u r e  o f  O2  i n  th e  o u t l e t  a i r ;  and BP i f  t h e  b a r o ­
m e t r i c  p r e s s u r e .
The Og c o n su m p tio n  p e r  m in u te  was th e n  c o n v e r t e d  t o  th e  O2  consumed  
p e r  gram body w e ig h t  p e r  h o u r .
A l l  20  m in u te  COg and H2 O v a p o r  c o l l e c t i o n s  w ere  ta k e n  o n ly  when th e  
r a t e  o f  O2  co n su m p tio n  was c o n s t a n t  and i n d i c a t e d  th e  b ir d  was a t  r e s t .
Water l o s s  m easurem ents  w ere  e x t r a p o l a t e d  t o  r e p r e s e n t  an hour and p l o t t e d  
as  m i l l ig r a m s  o f  H2 O l o s t  p e r  gram body w e ig h t  p e r  h o u r . The w e ig h t  o f  th e  
CO2  m easured was e x t r a p o l a t e d  t o  r e p r e s e n t  an h o u r .  I t  was th e n  c o n v e r t e d  to  
a volum e (Lg CO2  = 1 ,9 7 7  LCO2 ) and d i v i d e d  by t h e  O2  consumed d u r in g  t h a t  
same p e r i o s  t o  g i v e  t h e  r e s p i r a t o r y  q u o t i e n t .  The r a t i o  o f  h e a t  l o s t  t o  h e a t  
prod u ced  ( t h e  m/p r a t i o )  was c a l c u l a t e d  u s i n g  4 . 8  K c a l /L  a s  th e  c a l o r i c  e q u i ­
v a l e n t  o f  th e  Og consum ed, and .5 8  K c a l / g  a s  t h e  h e a t  o f  v a p o r i z a t i o n  o f  th e  
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RESULTS
T. Oxygen C on su m p tion .
Oxygen consumption increases linearly when plotted w it h  decreasing 
te m p er a tu r e  from 30^ C to  - 1 5 °  C (F ig u r e  4 ) .  The r e g r e s s i o n  l i n e  r e p r e ­
s e n t i n g  t h i s  i n c r e a s e  I s  e x p r e s s e d  by t h e  e q u a t io n :
c c  0 2 / g  X hr » 1 0 . 2 0  -  , 2 0 t
w here t  i s  t h e  am b ien t te m p e r a tu r e .  At te m p e r a tu r e s  b e lo w  - 1 5 °  C, v a l u e s  
f o r  o x y g e n  co n su m p tio n  become more s c a t t e r e d  and s e v e r a l  p o i n t s  r i s e  mark­
e d ly  a b ove  t h e  l i n e a r  r e l a t i o n s h i p .  The r e g r e s s i o n  l i n e  o f  i n c r e a s i n g  
o x y g en  co n su m p tio n  e x t r a p o l a t e s  t o  z e r o  m e ta b o lism  a t  ab ou t 51°  C w h ich  
i s  f a r  ab ove  t h e  ra n g e  o f  normal body te m p e r a tu r e s  ( 4 2 °  C t o  4 3 °  C from  
Wetmore, 1 9 2 1 ) .
T h ese  b i r d s  consumed th e  l e a s t  amount o f  o x y g en  b e tw een  am b ien t  
t e m p e r a tu r e s  o f  3 0 °  C t o  3 9 °  C. The b a s a l  o r  r e s t i n g  r a t e  o f  o x y g en  c o n ­
su m p tio n  c a l c u l a t e d  from d a t a  w i t h i n  t h i s  te m p er a tu r e  ra n g e  i s  3 .7 1  cc
O g/g  X h r  At 4 0 °  C and a b ove  o x y g en  co n su m p tion  i n c r e a s e s  w i t h  i n -
- 1
c r e a s i n g  te m p er a tu r e  t o  v a l u e s  b e tw e en  4 . 2  and 7 , 0  c c  0 2 / g  x hr
The m e ta b o l ism  o f  summer b i r d s  i n  r e s p o n s e  t o  c h a n g in g  te m p e r a tu r e s  
d o e s  n o t  d i f f e r  from t h a t  o f  w in t e r  b i r d s .
I I .  E v a p o r a t iv e  Water L o s s .
E v a p o r a t iv e  w a te r  l o s s  i n c r e a s e s  d i r e c t l y  w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  
th ou gh  n o t a t  a c o n sta n t ,  r a t e  ( F ig u r e  5 ) .  From 0 °  G t o  2 1 °  C w a te r  l o s s  
i s  r e l a t i v e l y  c o n s t a n t  and rem a in s  b e lo w  5 m g/g  x hr . From 2 2 °  C t o  
3 9 °  C w a te r  l o s s  i n c r e a s e s  g r a d u a l l y .  Over t h i s  17° C i n t e r v a l  t h e  Q| q̂ 
i s  a b o u t  2 , 2 .  At 4 0 °  C and a b o v e ,  w a te r  l o s s  v a l u e s  i n c r e a s e  t r e m e n d o u s ly .
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F ig u r e  4  Oxygen con su m p tion  o f  th e  r e d - b r e a s t e d  n u th a tc h  In
cc Og/g X hr p l o t t e d  in  r e s p e c t  to  am bient tem p­
e r a t u r e  (Tj, C ) . C lo sed  c i r c l e s  r e p r e s e n t  summer b ir d s  
and open c i r c l e s  w in t e r  b i r d s .
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F igu re  5"«»Evâporatlve w ater  l o s s  o f  the r e d -b r e a s te d  n u th a tch  In mg/g x 
hr p l o t t e d  in  r e s p e c t  to  am bient tem p eratu re  (TgOC), See  
legend fo r  f ig u r e  4 .
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I I I .  The R e s p i r a t o r y  Q u o t i e n t .
E x p e r im e n ta l  r e s p i r a t o r y  q u o t i e n t s  f o r  t h e  r e d - b r e a s t e d  n u th a tc h  
ran ged  from 0 .4 3  to  1 . 3 .  T h ese  w ere p l o t t e d  i n  r e l a t i o n  t o  te m p er a tu r e  
i n  F ig u r e  6 . The graph shows a c o r r e l a t i o n  o f  low r e s p i r a t o r y  q u o t i e n t s  
a t  low am bient t e m p e r a tu r e s  and h ig h  r e s p i r a t o r y  q u o t i e n t s  a t  h ig h  am bient  
t e m p e r a t u r e s .  The summer b ir d s  ( c l o s e d  c i r c l e s  ) show th e  g r e a t e s t  v a r i a ­
t i o n  g i v i n g  b o th  t h e  h i g h e s t  and lo w e s t  v a l u e s  a t  b o t h  t h e  upper and low er  
e n d s  o f  th e  te m p e r a tu r e  s c a l e .  The v a l u e s  f o r  th e  w in t e r  b ir d s  (op en  
c i r c l e s )  f i t  t h e  s c a t t e r  o f  summer v a l u e s  e x c e p t  a t  te m p e r a tu r e s  above 2 5 °  
w here th e y  a r e  b e lo w  t h e  s c a t t e r  o f  summer v a l u e s .
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F ig u r e  6 - - R e s p l r a t o r y  q u o t i e n t  (E„ Q .)  o f  th e  r e d - b r e a s t e d  n u t h a t c h  a s  
p l o t t e d  a g a i n s t  tem p er a tu r e  (T g^C ). S ee  le g e n d  f o r  f i g u r e  4<
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D I S C U S S I O N
I . The R e s t i n g  ( b a s a l ) M a ta b o ltc  B a t e .
The r e s t i n g  m e t a b o l i c  r a t e  o f  th e  r e d - b r e a s t e d  n u th a tc h  i s  compared  
in  T a b le  1 w i t h  t h o s e  v a l u e s  p r e d ic t e d  f o r  a b ir d  o f  com parable  s i z e  by th e  
v a r io u s  e q u a t io n s  a v a i l a b l e .  The r e s t i n g  r a t e  o f  th e  n u th a tc h  i s  v e r y  
s i m i l a r  t o  th e  v a lu e  p r e d ic t e d  by L a siew stc i  and Dawson (1 9 6 7 )  f o r  p a s s e r i n e s ,  
bu t i s  more th an  40  X h ig h e r  th a n  t h o s e  v a l u e s  p r e d ic t e d  f o r  a com parably  
s i z e d  b ir d  by t h e  L a s ie w s k i  and Dawson (1 9 6 7 )  e q u a t io n  fo r  n o n p a s s e r in e s ,  
o r  th e  King and Farmer (1 9 6 1 )  e q u a t io n  f o r  la r g e  b i r d s .  T hese  com p ar ison s  
a g r e e  w i t h  L a s ie w s k i  and D aw son 's  h y p o t h e s i s  t h a t  p a s s e r i n e s  have a g r e a t e r  
m e t a b o l i c  r a t e  th a n  n o n p a s s e r in e s  o f  com parab le  s i z e ,  and t h a t  th e  m e t a b o l i c  
r a t e - b o d y  w e ig h t  c u r v e  f o r  p a s s e r i n e s  has th e  same s l o p e  a s  t h a t  f o r  non- 
p a s s e r i n e s ,  bu t i t s  y i n t e r c e p t  i s  h i g h e r .  The m e t a b o l i c  r a t e  o f  th e  r e d ­
b r e a s t e d  n u th a tc h  i s  t w ic e  t h a t  o f  a com parably  s i z e d  mammal,
I I .  Energy R eq u irem en ts  jjn t h e  Co I d .
The i n c r e a s e  in  o x y g en  co n su m p tio n  b e lo w  3 0 °  C i n d i c a t e s  th e  r e d -  
b r e a s t e d  n u th a tc h  must e l e v a t e  i t s  m e t a b o l i c  r a t e  t o  e q u a te  h e a t  g a in  
w ith  h e a t  l o s s .  The l i n e  r e p r e s e n t i n g  t h i s  i n c r e a s e  e x t r a p o l a t e s  t o  above  
th e  ran ge  o f  norm al body t e m p e r a t u r e s ,  t h e r e f o r e ,  th erm a l c o n d u c ta n c e  in  
t h i s  b ir d  p r o b a b ly  d e c r e a s e s  r e g u l a r l y  o v e r  a w id e  r a n g e  o f  te m p e r a tu r e s  
b elow  30® C. Such a c o n t i n u i n g  d e c r e a s e  i n  c o n d u c ta n c e  may be t h e  r e s u l t  
o f  a d e c r e a s e  i n  body te m p e r a tu r e  (B arth o lom ew , 1964; Dawson, 1958; Dawson 
and Tordoff, 1 9 5 9 , 1964; H a r t ,  1 9 57 , 1962; H e rr e id  and Kessel, 1967; K in g ,  
1964; L e i t n e r ,  1966; M isc h ,  1960; S o h o la n d e r ,  1950b; V e g h te ,  1964;
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TABLE I - - T h e  b a s a l  m e t a b o l i c  r a t e  o f  th e  r e d - b r e a s t e d  n u th a tc h
( 3 . 7 .  c c  0 2 / g  X hr and i t s  r e l a t i o n s h i p  t o  p r e d ic t e d  
va l u e s .
EQUATION AND REFERENCES PREDICTED VALUE 
IN c c  0 2 / g  X h r ” ^
PERCENT DIFFERENCE 
OF THE PREDICTED 
VALUE FROM THE 
EXPERIMENTAL VALUE
L a sie w sk i-D a w so n  (1 9 6 7 )  
P a s s e r i n e s
3 .5 8 3 .5 5
L a sie w sk i-D a w so n  (1 9 6 7 )  
N o n p a s s e r in e s
2 .1 7 4 1 .6 0
L a s ie w sk i-D a w so n  (1 9 6 7 )  
A l l  b i r d s
3 .1 2 1 5 .9 0
K in g -F a rn er  (1 9 6 1 )  
L arge b i r d s
1 .9 3 4 8 ,  10
K ing”F arn er  (1 9 6 1 )  
A l l  b i r d s
3 .0 0 1 9 ,2 0
B r o d y -P r o c to r  (1 9 3 2 )  
A l l  b i r d s
3 .6 0 2 .9 7
K le ib e r  (1 9 6 1 )  
MammaIs
1 .6 9 5 4 .5 0
V eghte  and H e r r e id ,  1965; W est ,  1962; West and H a r t ,  1 9 6 7 ) .  T hat t h i s  
n u th a tc h  d id  low er  i t s  body te m p e r a tu r e  i s  n o t  known, bu t t h i s  r e s p o n s e  
has b een  r e p o r t e d  r e g u l a r l y  i n  t h e  l i t e r a t u r e  f o r  o t h e r  s m a l l  b i r d s  
( s e e  I n t r o d u c t i o n ) . B ec a u se  t h e  body t e m p e r a tu r e s  o f  t h e s e  n u th a t c h e s  
w ere n o t  m easured t h e  a m b ien t  t e m p e r a tu r e  a t  w h ich  c o n d u c ta n c e  d id  r e a c h  
i t s  m in im al v a lu e  c a n n o t  be d e t e r m in e d .  A ssum ing from oxy g en  co n su m p tio n  
d a ta  a lo n e ,  th a t  c o n d u c ta n c e  i n  f a c t  d id  d e c r e a s e  o v e r  a w id e  ra n g e  o f  
am b ien t t e m p e r a tu r e s ,  t h e n  t h e s e  b i r d s  c o u ld  u se  t h i s  r e s p o n s e  t o  red u ce
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t h e  e n e r g y  needed f o r  m a in t a in in g  a c o n s t a n t  body tem p er a tu r e  d u r in g  p e r io d s  
o f  i n a c t i v i t y  a t  low am b ien t t e m p e r a t u r e s .
B eca u se  e x p o s u r e  t im e  t o  am b ien t te m p e r a tu r e s  near  and b e low  - 1 5 °  C 
was s h o r t ,  some o f  t h e s e  b i r d s  may have r e s i s t e d  d ro p p in g  t h e i r  body temp» 
e r a t u r e s  d u r in g  t h e s e  m ea su rem en ts .  T h e r e f o r e ,  th e  v e r y  h ig h  oxygen  con su n p -  
t i o n  v a l u e s  o f  f i v e  o f  t h e s e  b i r d s  may have b een  th e  r e s u l t  o f  h ig h e r  r e q u i r e ­
m ents t o  m a in t a in  t h e i r  body t e m p e r a t u r e s .
D u rin g  th e  day th e  n u th a tc h  o b v i o u s l y  p r o d u ce s  h e a t  by a c t i v i t y  bu t  
d u r in g  c o ld  n i g h t s  I t  a p p a r e n t ly  s h i v e r s  l i k e  o t h e r  b i r d s  to  p rod u ce  th e  
r e q u ir e d  body h e a t  (H a r t ,  1962; S t e e n  and E n g er ,  1957; W est, 1 9 6 5 ) .
S h iv e r in g  m ovements w ere o b s e r v e d  i n  n u th a t c h e s  on th e  p e rch  o f  th e  a n im a l  
chamber im m e d ia te ly  f o l l o w i n g  e x p o s u r e  t o  c o l d .
S e v e r a l  s p e c i e s  o f  b i r d s  d i f f e r  i n  t h e i r  a b i l i t y  t o  i n c r e a s e  food  
co n su m p tio n  and a b s o r p t i o n  i n  r e s p o n s e  t o  d e c r e a s e d  p h o to p e r io d  and tem p er­
a t u r e  (B r en n e r ,  1966; Cox, 1961; D a v i s , 1955; K en d e ig h , 1949; S e i b e r t ,  1 9 4 9 ) .  
The n u th a tc h  p r o b a b ly  e a t s  a n d /o r  a b s o r b s  more food  t o  su p p ly  th e  e x t r a  
e n erg y  I t  n e e d s  t o  m a in t a in  a c o n s t a n t  body te m p e r a tu r e  d u r in g  t h e  lo n g  
c o ld  w in t e r  n ig h t  th a n  i t  n e e d s  d u r in g  th e  s h o r t e r  warmer n i g h t s  o f  summer.
Moore ( 1 9 4 5 )  i n  d i s c u s s i n g  t h e  w i n t e r  n i g h t  h a b i t s  o f  b i r d s  men­
t io n e d  r o o s t i n g  i n  c a v i t i e s  and o t h e r  s h e l t e r e d  a r e a s  t o  r ed u c e  h e a t  l o s s .  
K endeigh (1 9 6 1 )  m easured  t h e  p o s s i b l e  e n e r g y  c o n s e r v e d  by a h o u se  sparrow  
r o o s t i n g  i n  a n e s t  box and s u g g e s t e d  from h i s  r e s u l t s  t h a t  t h i s  b e h a v io r  
may w e l l  be th e  f a c t o r  a l l o w i n g  th e  northw ard c x t e n t i o n  o f  many s m a l l  
s p e c i e s .  R o o s t in g  h a b i t s  o f  t h e  r e d - b r e a s t e d  n u th a t c h  a r e  u n d e sc r ib e d  
but I  found them u t i l i s i n g  t h e  n e s t  b o x e s  i n  t h e  o u td o o r  f l i g h t  c a g e  on
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two o c c a s i o n s .  I n  c o n g e n e r s ,  t h e  pigmy n u th a tc h  ( S i t t a  pygmaea) (K n orr ,  
1 9 57)an d  brow n-h ead ed  n u th a t c h  ( S i t t a  p u s t l l a )  ( N o r r i s ,  1958) communal 
r o o s t i n g  i r  c a v i t i e s  i s  common.
I I I ,  Oxygen Consum ption a_t H igh T e m p e r a tu r e s .
The i n c r e a s e  i n  o x y g en  co n su m p tio n  f o r  ( S i t t a  c a n a d e n s i s )  a t  am bient  
t e m p e r a tu r e s  above  39® C r e f l e c t s  th e  e n e r g y  expended i n  e v a p o r a t iv e  c o o l i n g .  
T h ese  b i r d s  w ere o f t e n  o b s e r v e d  i n  t h e  summer, b o th  d u r in g  c a p t i v i t y  and in  
t h e  w i l d ,  h a n g in g  u p s id e  down w i t h  f e a t h e r s  t i g h t l y  c o m p r e ssed ,  mouths a g a p e ,  
and p a n t i n g .
IV. Oxygen C onsum ption  o f  Summer and W in ter  B i r d s .
The v a l u e s  f o r  o x y g e n  c o n su m p tio n  o b t a in e d  from th e  fo u r  w in t e r  a n im a ls  
f i t  i n t o  t h e  s c a t t e r  p a t t e r n  o f  th e  v a l u e s  o b t a in e d  from th e  12 summer a n im a ts  
s o  w e l l  t h a t  no d i f f e r e n c e s  a r e  a p p a r e n t .  The s m a l l  s i z e  o f  t h e  w in t e r  sam ple  
may a c c o u n t  f o r  t h i s ,  b u t  b e c a u s e  none o f  t h e  b i r d s  t e s t e d  i n  t h e s e  e x p e r im e n ts  
showed any s i g n  o f  m o l t i n g ,  t h e y  w ere  p r o b a b ly  a l s o  i n  f u l l  p lu m age; t h e r e f o r e ,  
d i f f e r e n c e s  i n  o x y g e n  co n su m p tio n  o f  summer and w i n t e r  b i r d s  due t o  d i f f e r e n c e s  
i n  t h e  i n s u l a t i v e  q u a l i t y  o f  t h e  f e a t h e r s  w ould  n o t  be e x p e c t e d .  F u r th e r  
e x p e r im e n ts  d e t e r m in in g  t h e  s u r v i v a l  t im e  a t  d i f f e r e n t  p h o t o p e r io d s  and  
d i f f e r e n t  am b ien t t e m p e r a tu r e s  a t  d i f f e r e n t  s e a s o n s  when ^  l i b  fo o d  i s  p r o ­
v i d e d ,  may b e t t e r  r e v e a l  any  s e a s o n a l  m e t a b o l i c  a c c l i m a t i z a t i o n  w h ic h  may 
o ccu r  i n  t h i s  s p e c i e s .
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V. E v a p o r a t i v e  Water L o ss  and D i s s i p a t i o n  o f  M e t a b o l i c  H e a t .
A. E v a p o r a t iv e  W ater L o s s .
The low r a t e  o f  w a te r  l o s s  o f  t h e  n u th a t c h  a t  am bient te m p e r a tu r e s  
b e lo w  20® C i n d i c a t e s  t h a t  w a te r  l o s s  i s  a p a s s i v e  p r o c e s s  a t  t h e s e  tem p er­
a t u r e s  (F ig u r e  5 ) ,  The g r a d u a l  r i s e  in  w a te r  l o s s  b e tw een  2 2 °  C and 39° C 
p r o b a b ly  r e f l e c t s  t h e  a b i l i t y  o f  warmer a i r  t o  c a r r y  a g r e a t e r  mass o f  
w a te r  v a p o r ,  r a t h e r  th a n  i t  d o e s  any a c t i v e  e f f o r t s  o f  t h e s e  b i r d s  t o  l o s e  
h e a t  a t  t h e s e  am b ien t t e m p e r a t u r e s .  F u rth erm o re , th e  r e c o r d  o f  oxygen  
co n su m p tio n  ( F ig u r e  4 )  i n d i c a t e s  t h e s e  b i r d s  a c t i v e l y  p rodu ce  h e a t  o v e r  
m ost o f  t h i s  te m p e r a tu r e  r a n g e  s o  h e a t  l o s s  i s  n o t  a p rob lem . The b u lk  o f  
h e a t  l o s t  i n  t h i s  r a n g e  o f  m o d era te  t e m p e r a tu r e s  i s  c o n t r o l l e d  v i a  a d j u s t ­
m ents o f  t h e  p lum age t o  f a c i l i t a t e  r a d i a t i o n ,  c o n d u c t io n ,  and c o n v e c t i o n .
The e f f i c i e n c y  o f  t h e s e  a v e n u e s  o f  h e a t  l o s s  may be f u r t h e r  enhan ced  by 
d e r m o v a scu la r  d i l a t i o n ,  a n d /o r  e l e v a t i o n  o f  t h e  body te m p er a tu r e  to  i n c r e a s e  
th e  th er m a l g r a d i e n t  b e tw e e n  t h e  body and t h e  en v iro n m en t (Dawson and 
S c h m ld t - N i e l s e n ,  1964; H udson, 1962; Hudson and B artholom ew , 1964; King  
and F a r n e r ,  1 9 6 4 ) .
The c u r v e  f o r  w a te r  l o s s  w i t h  te m p e r a tu r e  b r e a k s  s h a r p ly  upward a t  
a p p r o x im a te ly  4 0 °  C and I n d i c a t e s  t h a t  p a n t in g  must be i n i t i a t e d  t o  p r e ­
v e n t  a c c u m u la t io n  o f  body h e a t  and e l e v a t i o n  o f  th e  body t e m p e r a tu r e ,
L a s ie w s k i  ejt aT. (1 9 6 6 )  d e m o n str a te d  t h a t  th e  r e l a t i v e  h u m id ity  in  
th e  m e ta b o lism  chamber i s  I n v e r s l y  r e l a t e d  t o  t h e  r a t e  o f  th e  f lo w  o f  a i r  
th rou gh  i t ,  T^e r e l a t i v e  h u m id ity  in  tu r n  a f f e c t s  t h e  amount o f  w a te r  th a t  
can be e v a p o r a te d  from t h e  r e s p i r a t o r y  s u r f a c e s  (K ing and F a r n e r ,  1964;
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L a s ie w s k i  aj^. 1966)  and h en ce  d i r e c t l y  a f f e c t s  th e  a b i l i t y  o f  t h e  b ir d
t o  d i s s i p a t e  h e a t  by t h i s  m ethod . One p r e l im in a r y  e x p er im en t  d u r in g  t h i s
s t u d y ,  co n d u c ted  w i t h  a r e l a t i v e l y  low  f lo w  r a t e  o f  120 cc  a i r / m i n ,  and a 
am b ien t te m p er a tu r e  o f  41*  ̂ C i l l u s t r a t e d  t h e s e  p r i n c i p l e s .  M o is tu r e  in  
th e  cham ber, r e s u l t i n g  from a h ig h  r e l a t i v e  h u m id ity  soaked  t h e  b i r d s  
f e a t h e r s  and he s u r v iv e d  t h e s e  c o n d i t i o n s  o n ly  3 h o u r s .  E s t im a t io n  o f  th e  
r e l a t i v e  h u m id ity  i n  t h e  m e ta b o l ism  chamber used  In  t h i s  e x p e r im e n t ,  from  
th e  form ula?
% RH = 100 z
g iv e n  by L a s ie w s k i  ejt al^. (1 9 6 6 )  w here x  i s  t h e  amount o f  H2 O v ap or  added  
i n  m g/m ln, y i s  t h e  a i r  f lo w  r a t e  i n  1 m in , z i s  t h e  d e n s i t y  o f  s a t u r a t e d  
s trea m  a t  t h e  te m p e r a tu r e  o f  t h e  cham ber, r e v e a l s  i t  was n ev er  o v e r  15% 
a t  th e  f lo w  r a t e  o f  620 cc  a i r / m i n  ( u n c o r r e c t e d  t o  STP) used i n  a l l  bu t  
th e  f i r s t  s i x  o f  t h e s e  e x p e r im e n t s .  E v a p o r a t iv e  H^O l o s s  was n o t  m easured  
i n  th e  f i r s t  s i x  e x p e r i m e n t s ,  and none o f  them w ere  co n d u cted  a t  am b ien t
te m p e r a tu r e s  e x c e e d in g  39® C. B e c a u se  o f  t h e  w id e  r a n g e  o f  f lo w  r a t e s
used th ro u g h o u t  t h e  l i t e r a t u r e ,  and t h e  v a r i a t i o n s  i n  r e l a t i v e  h u m id ity  
w h ich  r e s u l t ,  no a t t e m p t  h a s  b een  made t o  d i r e c t l y  r e l a t e  th e  w e ig h t  o f  w a ter  
l o s t  by t h i s  n u t h a t c h  t o  t h a t  l o s t  by o t h e r  b i r d s .  In  g e n e r a l  e v a p o r a t i v e  
l o s s  p e r  gram body w e ig h t  i n c r e a s e s  i n v e r s e l y  w i t h  d e c r e a s i n g  body w e ig h t  
i n  s e v e r a l  s p e c i e s  (B arth o lom ew  and Dawson, 1 9 5 3 ) .
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B. D i s s i p a t i o n  o f  M e t a b o l ic  H e a t .
B eca u se  o x y g en  co n su m p tion  and w a te r  l o s s  w ere m easured s i m u l t a n o u s ly  
i n  t h e s e  e x p e r im e n t s ,  t h e  r e l a t i v e  e f f e c t i v e n e s s  o f  t h e  b i r d ' s  e v a p o r a t i v e  
c o o l i n g  can  be e s t i m a t e d .  T h is  r e l a t i o n s h i p  i s  shown i n  F ig u r e  8 a s  t h e  
e / p  r a t i o  ( e  *  t h e  h e a t  l o s t  i n  c a l o r i e s  by e v a p o r a t iv e  c o o l i n g ,  and p ■ 
t h e  m e t a b o l i c  h e a t  produ ced  i n  c a l o r i e s )  w h ich  i l l u s t r a t e s  th e  p e r c e n t  o f  
t h e  m e t a b o l i c  h e a t  w h ich  i s  l o s t  by e v a p o r a t iv e  c o o l i n g .  The r e s u l t s  shown 
i n  t h e s e  e x p e r im e n ts  I n d i c a t e  q u i t e  a c c u r a t e l y  t h e  e f f e c t i v e n e s s  o f  e v a p o r ­
a t i v e  c o o l i n g  i n  t h i s  s p e c i e s .  T h ese  n u th a tc h e s  i n c r e a s e  w a te r  l o s s  tr em en ­
d o u s ly  a t  t e m p e r a tu r e s  ab ove  37® C, and a t  4 2 °  C and 4 3 °  C th e y  d i s s i p a t e  
74 t o  77 % o f  t h e i r  m e t a b o l i c  h e a t  by e v a p o r a t iv e  c o o l i n g  ( F ig u r e  8 ) .  B ir d s  
g e n e r a l l y  a p p ea r  r e l u c t a n t  t o  l o s e  v a l u a b l e  w a te r  f o r  su ch  c o o l i n g  and s t o r e  
h e a t  by i n s u l a t i v e  a d j u s t m e n t s ,  th e r e b y  r a i s i n g  body te m p e r a tu r e s  t o  w i t h i n  
t o l e r a t e d  l i m i t s  and c o n s e q u e n t ly  i n c r e a s i n g  p a s s i v e  h e a t  l o s s  t o  th e  
en v ir o n m e n t  (K ing and F a r n e r ,  1 9 6 4 ) .  H o w ev er^ if  e n v ir o n m e n ta l  te m p e r a tu r e s  
e x c e e d  t h e  body t e m p e r a tu r e s  t o l e r a t e d  by t h e  b ir d  th e n  body h e a t  can  o n ly  
d i s s i p a t e d  by e v a p o r a t i v e  c o o l i n g .
A c t i v i t y  r e d u c e s  t h e  e f f i c i e n c y  o f  e v a p o r a t i v e  c o o l i n g  a s  i s  dem onstrate*  
by th e  e / p  r a t i o  o f  t h e  w in t e r  b ir d  a t  42® C. T h is  b ir d  was a c t i v e  th r o u g h ­
o u t  t h i s  t e s t ,  and had t h e  h i g h e s t  m e t a b o l i c  r a t e  o f  any b ir d  t e s t e d  a t  
h ig h  a m b ien t  t e m p e r a t u r e s .  C o n se q u e n t ly  i t s  e / p  r a t i o  ( F ig u r e  8 )  m ea su res  
s l i g h t l y  o v e r  50  %. R e d u c t io n  i n  a c t i v i t y  and a v o id a n c e  o f  d i r e c t  i n s o l a t i o n ^  
t h e r e f o r e ,  c o u ld  w e l l  b e  p r e r e q u i s i t e s  f o r  b i r d s  t o  p r e v e n t  a  l e t h a l  r i s e  
in  body te m p e r a tu r e  when e x p o se d  t o  h ig h  am b ien t t e m p e r a t u r e s .
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F ig u r e  7“ “ The e / p  r a t i o  f o r  t h e  r e d - b r e a s t e d  n u th a tc h  p l o t t e d  w i t h  ambi 
tem p er a tu r e  (T^®C)„ S ee  le g e n d  f o r  F ig u r e  4 .
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V I ,  The R e s p i r a t o r y  Q u o t i e n t .
S e v e r a l  a u t h o r s  (K e n d e ig h ,  1944; S a l t ,  1952; and W a llg r e n ,  1954)
have  found t h a t  s m a l l  p a s s e r i n e s  r e a c h  a p o s t - a b s o r p t i v e  s t a t e  a f t e r  a
f a s t  o f  2 t o  3 h r s ,  c h a r a c t e r i s e d  by a  r e s p i r a t o r y  q u o t i e n t  o f  around
0 . 7 0 .  R e d -b r e a s t e d  n u t h a t c h e s ,  ex p o sed  t o  am b ien t te m p e r a tu r e s  b e lo w  
o
26 C a lw a y s  p rodu ced  r e s p i r a t o r y  q u o t i e n t s  o f  around 0 , 7 0  e v e n  when f a s t e d  
l e s s  th a n  two h r s .  W hite  r a t s  when e x p o sed  t o  c o ld  have  r e s p i r a t o r y  quo­
t i e n t s  o f  around 0 , 7 0  e v e n  i f  th e y  a r e  a b s o r p t i v e  (P a g e ,  1957; Page and 
C h ^ n ier ,  1 9 5 3 ) .  Though r e s p i r a t o r y  q u o t i e n t s  o f  t h i s  n a tu r e  s u p p o s e d ly  
I n d i c a t e  t h e  c a t a b o l i s m  o f  f a t s ,  f a t s  may n o t a lw a y s  be u t i l i s e d  p e r f e r -  
e n t i a l l y  o r  e x c l u s i v e l y  a s  an  e n e r g y  s o u r c e  s i n c e  a l l  f o o d s t u f f s  may be  
u sed  a t  an  in c r e a s e d  r a t e  upon s h o r t  term  e x p o s u r e  t o  c o l d .  But b e c a u s e  
f a t  i s  t h e  m ajor r e s e r v e  e n e r g y  s o u r c e  i t  may b e  p r e f e r e n t i a l l y  c a l l e d  upon 
t o  b a la n c e  c a l o r i c  o u t p u t  when c a l o r i c  i n t a k e  i s  n o t  p o s s i b l e  (M asoro, 1 9 6 6 ) .
The summer n u t h a t c h e s  when e x p o sed  f o r  a  few  h ou rs  t o  c o ld  produ ced  
a r e s p i r a t o r y  q u o t i e n t  b e lo w  0 .7 5  b u t  when t h e  am b ien t te m p e r a tu r e  was e l e ­
v a t e d  th e y  s h i f t e d  t o  a r e s p i r a t o r y  q u o t i e n t  b e tw een  0 . 9 0  and 1 . 0 .  T h is  
s h i f t  may i n d i c a t e  t h a t  c a r b o h y d r a te s  may b e  a v a i l a b l e  a s  a fo o d  s t o r e  e v e n  
a f t e r  4  t o  6 h rs  o f  f a s t i n g  i n  t h e  c o l d .  R e s p i r a t o r y  q u o t i e n t s  i n d i c a t i v e  
o f  f a t  m e ta b o l ism  may b e  due t o  low  te m p e r a tu r e s  a f f e c t i n g  t h e  m e t a b o l i c  
p r o c e s s e s  s o  t h a t  l a r g e  q u a n t i t i e s  o f  COg a r e  r e l e a s e d  from th e  r e s e r v e s  
p o s s e s s e d  by t h e  a n im a l  ( I r v i n g  e t  a l̂  ̂ 1 9 3 0 ) ,  In  one i n s t a n c e ,  t h e  s h i f t  
from a low  t o  a h ig h  r e s p i r a t o r y  q u o t i e n t  d id  n o t  o c c u r  when t h e  tem p era­
t u r e  was e l e v a t e d ,  and e i t h e r  t h i s  a n im a l  had r e a c h e d  a t r u e  p o s t - a b s o r p t i v e
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s t a t e ,  o r  t h e  e l e v a t i o n  o f  th e  am b ien t tem p er a tu r e  was not enough t o  p r o ­
d u ce  t h e  s h i f t .
On lo n g - te r m  e x p o su r e  t o  c o ld  in  mammals, n o n s h iv e r in g  th e r m e o g e n e s i s  
r e p l a c e s  th e  s h i v e r i n g  th e r m e o g e n e s is  o f  s h o r t - t e r m  e x p o su r e  (Hemingway,
1963) bu t i t  has n o t  b een  d e term in ed  what p a r t i c u l a r  f o o d s t u f f s  i f  any w ere  
u sed  t o  p r e f e r e n t i a l l y  su p p o r t  n o n s h iv e r in g  th e r m e o g e n s i s  (M asoro, 1 9 6 6 ) .  
S t e e n  and Enger ( 1 9 5 7 ) ,  Hart ( 1 9 6 2 ) ,  and West ( 1 9 6 5 ) ,  i n d i c a t e  t h a t  non-  
s h i v e r i n g  th e r m e o g e n e s i s  d o es  not p la y  a r o l e  in  h ea t  p r o d u c t io n  in  b ir d s  
e v e n  a f t e r  lo n g - te r m  e x p o su r e  t o  c o ld ;  t h e r e f o r e ,  c o l d - a c c l i m a t i z e d  b i r d s  
c a n n o t  a p p r o p r i a t e l y  be compared w i t h  c o l d - a c c l i m a t i z e d  mammals b e c a u s e  o f  
t h e s e  d i f f e r e n c e s  i n  m echanism s o f  h e a t  p r o d u c t io n .
In  t h e  w in t e r  g r o u p , when t h e  tem p er a tu r e  o f  th e  m s ta b o l lsm  was
e l e v a t e d ,  o n ly  on e  n u th a tc h  s h i f t e d  from a r e s p i r a t o r y  q u o t i e n t  b e lo w  0 .7 5
t o  one b e tw een  0 . 9 0  and 1 . 0 ,  and two b ir d s  m a in ta in e d  r e s p i r a t o r y  q u o t i e n t s  
b e tw e en  0 .7 6  and 0 . 8 9 .  A c c l i m a t i z a t i o n  t o  c o ld  in  th e  w in t e r  a n im a ls  may
a l l o w  them t o  u s e  a l l  f o o d s t u f f s ,  n o t  j u s t  f a t ,  a s  th e  c a l o r i g e n l c  a g e n t
when t h e y  a r e  e x p o s e d  t o  low t e m p e r a tu r e s .  C o n seq u e n t ly  c a r b o h y d r a te s  a s  
w e l l  a s  f a t s  c o u ld  be u t i l i z e d  a t  low am b ien t t e m p e r a tu r e s ,  and t h e  d e p l e t e d  
c a r b o h y d r a te  s t o r e s  w ould a l l o w  a low r e s p i r a t o r y  q u o t i e n t  t o  o c c u r  when 
th e  am b ien t t e m p e r a tu r e  was e l e v a t e d .
The r e s p i r a t o r y  q u o t i e n t  o f  one o f  t h e  w in t e r  b i r d s  ta k e n  a f t e r  2 . 5  
h rs  o f  f a s t i n g  a t  3 °  C was above  1 .0  i n d i c a t i n g  t h a t  f a t  s y n t h e s i s  was occor^  
i n g .  The o c c u r e n c e  o f  a r e s p i r a t o r y  q u o t i e n t  o f  t h i s  n a tu r e  i s  n o t  c o n s i s t ­
e n t  w i t h  t h e  o t h e r  d a t a  o b t a in e d  d u r in g  t h e s e  e x p e r im e n t s .  I t  may r e s u l t  
from e x p e r im e n t a l  e r r o r ,  o r  from t h e  r e l e a s e  o f  CO  ̂ from th e  a n im a le s  
resert^ es  ( I r v i n g  e t  a l . ,  1 9 3 0 ) .
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A t e s t  was con d u cted  a t  an am bient te m p era tu re  o f  3 1 °  C w i t h  a 
summer a n im al t o  d e te r m in e  when a p o s t - a b s o r p t i v e  r e s p i r a t o r y  q u o t i e n t  
c o u ld  be  o b t a in e d .  D uring  th e  t h i r d  and fo u r th  h o u r s ,  th e  r e s p i r a t o r y
q u o t i e n t  was above 1 .0  and a f t e r  5 h rs  i t  was b e tw een  0 .9 0  and 1 . 0 .  A
s i m i l a r  e x p er im en t  co n d u cted  on a w in t e r  b ir d  a t  34° C r e v e a le d  r e s p i r a t o r y  
q u o t i e n t s  be low  0 . 7 5  a t  th e  end o f  th e  2nd h r ,  b e tw een  0 .7 6  and 0 .8 9  a t th e  
s t a r t  o f  th e  4 t h  h r ,  ab ove  1 .0  a t  th e  s t a r t  o f  th e  5 th  h r ,  and b e tw een
0 , 9 0  and 1 .0  a t  t h e  end o f  th e  6 th  h r .  Why t h e s e  b i r d s  f a i l  t o  a r r i v e
a t  o r  m a in t a in  a p o s t - a b s o r p t i v e  r e s p i r a t o r y  q u o t i e n t  d u r in g  p e r io d s  
o f  e x te n d e d  f a s t i n g  a t  h ig h  am bient te m p e r a tu r e s  i s  u n c le a r .
At am b ien t te m p e r a tu r e s  above 2 8 °  C f o r  th e  summer b i r d s ,  r e s p i r ­
a t o r y  q u o t i e n t s  a b ove  1 .0  o f t e n  o c c u r e d .  The o c c u r e n c e  o f  t h e s e  h ig h  
r e s p i r a t o r y  q u o t i e n t s  i n  t h e  w in t e r  d a ta  a r e  l e s s  common, though t h i s  may 
b e  t h e  r e s u l t  o f  th e  s m a l l  number o f  a n im a ls  f o r  w hich  w in t e r  d a ta  are  
a v a i l a b l e .  I f  t h e s e  r e s p i r a t o r y  q u o t i e n t s  a r e  a t r u e  i n d i c a t i o n  o f  f a t  
s y n t h e s i s ,  t h e i r  r e g u l a r  o c c u r r e n c e  may i n d i c a t e  a h e ig h t e n e d  a b i l i t y  
d u r in g  t h e  summer t o  p rod u ce  e n e r g y - r i c h  f a t  s t o r e s .
R e s p i r a t o r y  q u o t i e n t  v a l u e s  b e low  0 .6 5  w ere r e p e t i t i v e  i n d i c a t i n g  
t h a t  th ey  w ere  n o t  a r t i f a c t s  o f  t e c h n iq u e  (T a b le  2 ) .  Those v a l u e s  b e lo w  
0 , 5 0 ,  e x c e p t  f o r  one a t  - 6 . 5 °  C i n  th e  w in t e r  group , a l l  o c c u r  a t  am b inet  
te m p e r a tu r e s  b e lo w  - 1 5 °  C, T h ese  low r e s p i r a t o r y  q u o t i e n t s  may r e f l e c t  
th e  trem en dou s m e t a b o l i c  demands made upon t h e s e  b i r d s  when moved from  
room te m p e r a tu r e  t o  t h e s e  e x t r e m e ly  low am b ien t t e m p e r a tu r e s .
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Summer -3 0 .0 ® 0 .4 8
- 2 8 . 5 ° 0 .4 3t« - 2 7 . 0 * 0 . 5 6
Ü t f -2 6 .0 ® 0 .5 3
- 18.6® 0 .6 4
W in ter » 6.5® 0 . 5 7
# 8 2 5 .0 0 0 .6 1
# -24.0® 0 . 6 3f« 12.0® 0 .6 4
n 8.0® 0 .6 2
v y -  9.5® 0 .6 2
The g r e a t  v a r i a t i o n  i n  r e s p i r a t o r y  q u o t i e n t s  th ro u g h o u t  t h e s e  eaeper- 
m ents i l l u s t r a t e s  t h a t  s h o r t - t e r m  r e s p i r a t o r y  q u o t i e n t s  a lo n e  a r e  n o t  v a l i d  
e x p r e s s i o n s  o f  in t e r m e d ia r y  m e ta b o l ism  ( K l e i b e r ,  1961; K a so ro , 1 9 6 6 ) .  They  
may i n d i c a t e  t h a t  an a n im a l i s  p o s t - a b s o r p t i v e  at. am b ien t te m p e r a tu r e s  
w h ich  a l l o w  e x p r e s s i o n  o f  a r e s t i n g  m e t a b o l i c  r a t e ,  b u t when m e t a b o l i c  
i n c r e a s e s  a r e  demanded, t h e  r e s p i r a t o r y  q u o t i e n t  may be d i s t o r t e d  by any  
one of t h e  r e a s o n s  g i v e n  i n  t h e  I n t r o d u c t i o n  o f  t h i s  p a p e r .  The w id e  
v a r i a t i o n  of r e s p i r a t o r y  q u o t i e n t s  for t h i s  species i n d i c a t e s  t h a t  t h e  
in t e r m e d ia r y  m e ta b o l is m  o f  i t  and o t h e r  s m a l l  b i r d s  w h ic h  a r e  r e s i d e n t  in  
c l i m a t e s  r e q u i r i n g  r e g u l a t i o n  o f  th e  body tem p er a tu r e  over a w id e  r a n g e  
o f  am b ien t t e m p e r a tu r e s  s h o u ld  be iu'^'estigate'.d v i a  more s o p h i s t i c a t e d  
m ethods »




The r e d > b r e a s t e d  n u th a tc h  i s  a r e s i d e n t  o f  th e  n o r th  te m p er a te  
f o r e s t s  o f  N o r th  A m erica , Oxygen c o n su m p tio n , e v a p o r a t iv e  w a te r  l o s s ,  
and r e s p i r a t o r y  q u o t i e n t s  w ere m easured i n  t h i s  s m a l l  s p e c i e s  (9  t o  1 4 .2  g )  
t o  f i n d  i t s  s e a s o n a l  th erm o g e n ic  a b i l i t i e s  o v e r  a tem p er a tu r e  ra n g e  o f  73® C.
In  b o th  summer and w in t e r  b i r d s ,  oxygen  con su m p tion  in c r e a s e d  w i t h  
d e c r e a s i n g  am b ien t t e m p e r a tu r e s  b e lo w  30® C a t  a c o n s t a n t  r a t e  o f  -20  cc  
02/® C , B etw een  30'® C and 39® C t h e  a v e r a g e  m e t a b o l i c  r a t e  o f  3 . 7 1  cc  
0 2 / g  X h r ”  ̂ a g r e e s  w i t h  th e  p r e d ic t e d  v a lu e  f o r  p a s s e r i n e s .
The r a t e  o f  e v a p o r a t iv e  w a te r  l o s s  in c r e a s e d  w i t h  i n c r e a s i n g  
am b ien t te m p e r a tu r e  from l e s s  th a n  5 m g/g  x  h r ”  ̂ a t  2 .5®  C t o  about 28  
m g/g X hr"^ a t  43® C. T h is  r a t e  o f  w a te r  l o s s  i n d i c a t e s  t h e s e  b i r d s  a r e  
c a p a b le  o f  r e g u l a t i n g  t h e i r  body t e m p e r a tu r e s ,  i n  p a r t ,  v i a  t h i s  method  
when o t h e r  a v e n u e s  o f  h e a t  l o s s  become r e s t r i c t e d  o r  u n f e a s i b l e .  The 
r e d - b r e a s t e d  n u th a t c h  i s  c a p a b le  o f  d i s s i p a t i n g  more th a n  70 X o f  i t s  
m e t a b o l i c  h e a t  th ro u g h  e v a p o r a t iv e  c o o l i n g  a t  v e r y  h ig h  am b ien t te m p e r a tu r e s ,
R e s p i r a t o r y  q u o t i e n t s  ran ged  from 0 .4 3  t o  1 .3  o v e r  t h e  73® C 
te m p e r a tu r e  r a n g e  s t u d i e d .  They i n d i c a t e  t h a t  a change  i n  c a t a b o l i s m  
o c c u r s  b e tw e en  low am b ien t te m p e r a tu r e s  and h ig h  am b ien t t e m p e r a t u r e s .
A s h i f t  o f  r e s p i r a t o r y  q u o t i e n t  w i t h  a r i s e  i n  am b ien t te m p er a tu r e  i s  
a l s o  d e s c r i b e d .  T h is  s h i f t ,  and o t h e r  v a r i a t i o n s  i n  t h e  r e s p i r a t o r y  
q u o t i e n t  a r e  d i s c u s s e d .
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